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The magnetic recording industry is expected to
grow by a factor of five by the end of the decade.
In addition to the conventional audio tape, the in-
dustry covers cassettes and disks for video and
digital applications. Accompanying this growth will
be tremendous improvements in the associated
technology.

Despite all of this activity, there has been very lit-
tle tutorial material published on the subject. This
book is aimed at filling that gap; it contains both an
extensive specially written section, which describes
the fundamental concepts underlying magnetic
recording technology, as well as a collection of
reprint papers, which cover the field from its
historical roots to current trends.

The seven originally written chapters include an
introduction as well as covering the following topics:
magnetic media, the recording head, the writing pro-
cess, readback voltage, the air bearing, and the
recording channel.

The second section of the book is comprised of
38 reprint papers divided into nine parts, titled as
follows: General, Media, Head Fields, Thin-Film
Heads, Written Magnetization, Readback, Noise,
Codes, and Equalization.

Together, the two sections of the book give a
thorough overview of many aspects of magnetic
recording from media through encoding. This book
should prove useful as a tutorial for students and
practicing engineers alike.
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AGNETIC recording is presently a $20 billion

industry in the United States. It spans audio,
video, and digital applications in the form of tapes,
cassettes, and disks. This industry is expected to grow
to $100 billion by 1990. This growth will be accompa-
nied by dramatic improvements in the technology. It is
generally believed, for example, that magnetic record-
ing densities can be improved by at least an order of
magnitude! Yet, ironically, there are no more than four
or five universities in the U.S. where students can
learn the fundamentals of this subject. The Japanese,
on the other hand, have identified magnetic recording
as a critical industry and an elaborate university—
industry collaboration has been established. This has
alarmed U.S. industry to the extent that in the past
year the major manufacturers of recording equipment
such as IBM, Control Data, MMM, etc., have pledged
over $10 million to establish recording centers at the
University of California at San Diego and Carnegie
Mellon. However, at an NSF-sponsored workshop on
Magnetic Information Technology (MINT), held in the
spring of 1983, it was estimated that at least two more
major centers and numerous smaller ones are neces-
sary to provide the trained students required by this
growing industry.

Not surprisingly, there also exists very little peda-
gogical material on this subject. This book represents
an effort to fill that void. It was developed from a
seminar course given at Stanford University in the fall
of 1983. The goal of this seminar was to introduce
graduate students, with a wide range of backgrounds,
to the fundamental concepts of magnetic recording.
One of the stimulating aspects of this technology is
that it encompasses a wide range of disciplines, in-
cluding solid-state physics, electromagnetics, fluid

Preface

flow, mechanical design, and information theory. This
also makes it a difficult subject to present. Conse-
quently, more effort was made at breadth than at
depth. An attempt was made to focus on the origin of
concepts used throughout the recording literature,
such as the Stoner-Wohlifarth model, reciprocity, etc.

Included in this book is a selection of reprinted
papers on recording. References to these papers, as
well as others, appear in the specially written material.
Several criteria were used in selecting the papers
to be reprinted. Some, such as the Westmijze and
Karlqvist papers, were chosen for their historical value
to the subject, and the fact that they are not readily
available. Most, however, were chosen for their impact
on recording, either through the presentation of new
results, such as lwasaki’s introduction of perpendicu-
lar media, or through the presentation of new tech-
nigues, such as Lean and Wexley’s boundary element
method. In instances where decisions were difficult |
chose those papers which were more self-contained
and provided the necessary background material.

| would like to thank Dr. D. Bloomburg of Xerox and
Prof. K. Parvin of San Jose State University for reading
the entire manuscript and making many helpful
suggestions. | would also like to thank Dr. |. Beardsley
of IBM and Dr. N. Bertram of Ampex for numerous
helpful discussions.

The material for this book was prepared while | was
at Xerox Palo Alto Research Center. | would like to
thank F. Mannes and F. Boderman for their assistance
with the manuscript and S. Wallgren for his excellent
work on the figures.

ROBERT M. WHITE
Editor




1.1 History of Magnetic Recording

HE first demonstration that a magnetic medium
T could be used to record information was provided
by Valdemar Poulsen in 1898. In particular, Poulsen
recorded and reproduced sound with an invention
called the “‘telegraphone’” which was exhibited at the
Paris Exposition of 1900. This was 23 years after
Thomas Edison invented the phonograph. The tele-
graphone consisted of a steel piano wire which was
wound on a spiral groove around the surface of a
drum. An electromagnet made contact with the wire
and was free to slide along a rod positioned parallel to
the drum. When the drum was rotated the electromag-
net was pulled down the rod. When current from a
microphone passed through the electromagnet the
wire was magnetized in proportion to the current.
Although the telegraphone won the grand prize at the
Exposition, the recorded signal was very weak, requir-
ing listening with headphones.

With the development of the vacuum tube ampilifier
in 1920 it became possible to reproduce sound from a
steel wire as loud as a listener wanted. However, the
noise was also amplified! In 1921 W. L. Carlson and
G. W. Carpenter invented the concept of ac biasing
which endows magnetic recording with the high per-
formance it has today. The Carlson-Carpenter dis-
covery went unrecognized at the time, with the result
that the development of magnetic recording pro-
gressed slowly.

Prior to 1927 all recording was done on wire or steel
tape. In that year, J. A. O’Neill received a patent
for a paper tape which had been coated with a mag-
netic liquid and then dried. In Germany, Fritz Pfleumer
received a similar patent involving iron powder.
Pfleumer’'s tape was later employed in a German
recorder called the ‘“magnetophone.” While experi-
menting with a magnetophone in 1940, H. J. von
Braunmuhl and W. Weber rediscovered the concept of
ac biasing. This was employed successfully by the
Germans during World War 1l. At the end of the war
John T. Muilin brought two magnetophones back to
the U.S. Mullin’s application of magnetic recording to
broadcast radio with the Bing Crosby show in 1947 did
much to stimulate recording in the U.S. The 3M Com-
pany developed oxide tapes in 1947 and Ampex started
shipping audio recorders in 1948. Video recording
was demonstrated in 1951.

Meanwhile, in the digital world, the need was devel-
oping for a data storage system that offered ‘‘random
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Fig. 1.1:

Artist's conception of the IBM RAMAC file.

access,” that is, rapid access to data at any location
in a file. This problem caught the attention of Rey
Johnson, an IBM inventor, who had been sent to San
Jose in 1952 to establish a West Coast research center.
Johnson decided to try to develop a device that would
allow information to be recorded and retrieved in any
order, rather than in the batches required by magnetic
tape. After some investigation, the IBM group decided
that a disk offered the best choice. In 1955 IBM an-
nounced the first magnetic disk drive, the IBM 305, or
RAMAC." This first drive consisted of fifty 24-in-diame-
ter disks mounted on a vertical shaft rotating at 1200
rpm (see Fig. 1.1). The recording density involved 100
bits /in and 20 tracks/in, giving a total drive capacity
of 5 Mbytes. Since then |IBM has dominated the disk
drive industry. The revenues from the captive market
provided by its computer systems far exceed those of
its closest competitor. This dominance is based on
IBM’s continual improvements in the recording tech-
nology. The state-of-the-art at any given time is mea-
sured by the areal density of IBM’s latest products
(see Fig. 1.2).

1.2 Storage Hierarchy

In audio and video applications, magnetic tapes
serve an independent function. In digital data proc-
essing systems, however, tapes and disks often ap-
pear in complementary roles that utilize their unique
features. Thus, disk drives with their random access

'"The acronym originally referred to the complete 305 system and
was coined from Random access memory Accounting MAChine. In
later usage the word became generic and was applied to any
machine with a disk file. IBM sales literature changed the meaning to
the more general Random Access Method of Accounting and Con-
trol.
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have access times much shorter than tape drives.
However, being mechanical, they are still slower than
semiconductors. On the other hand, since a magnetic
“‘data cell’” does not require its own individual design,
magnetic disk storage is less expensive than semi-
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Fig. 1.3: Capacity-access time description of the memory hier-
archy.

conductor storage on a per-bit basis. Thus we have
the ““hierarchy” of storage illustrated by Fig. 1.3.

Notice that disk drives offer a wide variety of capaci-
ties. This reflects the ubiquitous nature of disk drives.
Large computer systems require large amounts of
on-line storage. Such storage requirements are satis-
fied by having numerous large disks on one spindle.
For example, IBM’s 3380, which offers 2.5 Gbytes,
consists of two spindles each having eight 14 in disks.
On the other hand, a personal work station may only
require tens of megabytes which can be provided by a
compact 5 1/4 in disk drive. The interchangeability of
data among drives is accomplished by removable
media. These may be either rigid disks or flexible, i.e.,
“floppy’’ disks.



AGNETISM has fascinated man since the dis-

covery of the magical properties of lodestone
even before reliable written records existed. The first
application of this magnetic material appears to have
been the compass. Our understanding of magnetism
has only come in relatively recent times. Although
Oersted discovered the relation between magnetism
and electrical currents in 1820, the real explanation of
magnetic moments and their interactions came only
with the development of quantum mechanics.

2.1 Intrinsic Magnetic Properties

2.1.1 Magnetic Moments

Particles, like light, exhibit both particle-like and
wave-like characteristics. In particular, when an elec-
tron is confined to the dimensions of an atom its
wave-like nature governs its behavior: its energy and
certain other physical properties can take on only
discrete values. Furthermore, the exact location of the
electron cannot be specified, merely its probability of
being at some distance from the nucleus. This prob-
ability is related to the eigenfunctions and the quan-
tized energies to the eigenvalues of the Schrodinger
equation

Hy=Ey. (2.1)

Here 5# is the Hamiltonian, or energy, expressed as
an operator by writing the momentum as the differen-
tial operator,

p=—Iihv.
For an electron in a spherical potential
v(r)=Wr)
and the Hamiltonian is simply
H# =p?/2m+ V(r)=h2v?/2m+ V(r).

The eigenfunctions associated with this operator are
products of the spherical harmonics, Y,"(8,¢,), and a
function of r that depends upon the particular form of
V(r). The eigenfunctions v, are therefore labeled
by a radial quantum number n (=0,1,2,---) and
the angular quantum numbers / (=0,1,2,---) and
m (=0, +1,---, £ /). An electron in a state with /=0,
1,2, 3, etc., isreferred to as an s, p, d, f, etc. electron.

If we apply a magnetic field to this electron the
quantum mechanical description requires that we re-
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place the momentum p by the canonical momentum
p—p—(e/c)A

where A is the vector potential giving the magnetic
field, i.e.,

H=v X A.

If His uniform, then a convenient form for A is
A=3tHXr.
The Hamiltonian then reduces to

# = (p—(e/c)A)’ /2m+ V(r)
e

=p%/2m+ V(r)— 2me

—=(rxp)-H

plus a term of order H> which is responsible for
diamagnetism. This quantity rxXp is the angular
momentum, /. it is easy to show that the spherical
harmonics are eigenfunctions of this angular momen-
tum operator, i.e.,

(rxp).Y"(6,9)=mhY"(6,¢).

The extra energy associated with the magnetic field is
therefore

E

zl

=—mugH (2.2)

where pg is the Bohr magneton,
pg=0.927x10"?°erg/G.
This enables us to define an orbital magnetic moment

p=—pgl (2.3)
where [ is now in units of 4.

Thus, if our electron were in a d-orbital, i.e., /=2,
the ground state in a magnetic field would correspond
to m=-2.

At finite temperatures the magnetic moment is ob-
tained by averaging over the allowed states. Thus, for
a d electron,

2
Y. (—wmpgm)exp(— mugH/kgT)
m=—2
2
Y. exp(—mugH/kgT)

m=-2

p= (2.4)

For small values of the argument of the exponential



we find

2usH
b= T
B

(2.5)

This inverse dependence of the moment on the tem-
perature is much more general than this simple exam-
ple would suggest. It was observed in many materials
by P. Curie in the early 1900’s and is a characteristic
feature of paramagnetic materials.

Let us now progressively add more complications to
the problem. One aspect that must be considered is
the fact that in a crystalline solid an ion does not see a
spherical symmetry, but rather the symmetry of the
crystalline environment. The electric fields from such
an environment have the effect of mixing the angular
momentum states to form new eigenstates. For exam-
ple, in a cubic environment the states of the d-electron
become

Yo ¢¢1
Yo=1{ 1. Y, = ] -1 . (2.6)
AACAASL AR IR

The letters e and t, are a labeling notation which has
its basis in early group-theoretical treatments. An in-
teresting consequence of this mixing is that the orbital
magnetic moment is reduced. In particular,

(Velll¥o) =0.

Thus, if the state e is the lowest state (this depends on
the nature of the cubic coordination) the low tempera-
ture moment will be completely ‘““quenched.”

But the magnetic moment also has a spin origin.
From relativistic quantum mechanics we find that the
energy of an electron spin in a magnetic field is

(2.7)

Ezo=opgH (2.8)
where o = +1.

Most systems, of course, involve more than one
electron. As soon as we have more than one electron
we must also include the Coulomb interaction be-
tween these electrons. Suppose we have two elec-
trons in the same orbital. Since the Pauli exclusion
principle requires that no two electrons be in the same
state, these two electrons must be in opposite spin
states. Thus, for example, there would be no net
magnetic moment associated with two electrons in an
e orbital. Actually, there will be a small moment, in-
duced by an applied field in the direction opposite to
the field. This diamagnetism arises from Lenz’s law
and is very small.

Now consider two electrons in different orbitals. In
the absence of the Coulomb interaction the wave
function will involve products of the individual wave
functions. For example, if ¢(1)a(1) denotes an “‘up”
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spin located at r, in an orbital «, such a product might
be

p.(1)a(1)9,(2)8(2).

But since the electrons are indistinguishable, the
product

(2.9)

Pp(1)B(1) 9a(2) a(2) (2.10)

is equally valid. Thus, any linear combination of (2.9)
and (2.10) is a possible solution. If we had n electrons
and n states there would be n! ways of permuting the
electrons. Just as the spherical harmonics are the
basis functions for a system with rotational symmetry,
one can construct basis functions for this permutation
symmetry. What is remarkable, however, is that of all
these possible functions nature allows only the one
which is completely antisymmetric! This is a mathe-
matical statement of the Pauli exclusion principle. What
it means is that only the combination

Pa(1)a(1)9,(2)B(2)— 9,(1)B(1) 9.(2) a(2)
(2.11)

is a valid starting basis.

Since there are three other ways in which we can
orient the two spins we have a basis of four functions
with the same energy. When the interaction is *“turned
on,” these four states mix and the degeneracy is lifted.
In particular, we obtain a triplet and a singlet whose
energies differ by an amount 2J,, where

o= [ [dr rez(1)e5(2)(6%/112) 2a(2) @4(1)
(2.12)

is called the exchange integral. The magnitude of the
total spin, |S|2 =S, + S,|?, associated with the triplet is
2 while that of the singlet is 0. This is consistent with a
vector model for the addition of the spin where §=1,
i.e., |8|2=8(S+1). In fact, Dirac showed that this
manifestation of the exclusion principle through the
Coulomb interaction could be represented as a scalar
spin-spin interaction

~2J,,8,-S,. (2.13)
When the orbitals are orthogonal, as they are on one
site, then the sign of the exchange is positive, i.e., the
triplet state lies lowest. This is the origin of Hund’s rule
which says that electrons interact in such a manner as
to maximize their total spin. Thus Fe®*, which has five
3d electrons, has a total spin of 5/2, giving a spin
magnetic moment of 5.

This description works very well for situations where
the ““‘magnetic electrons’ are localized. However, if we
dissolve a magnetic ion in a metallic host, or if we
bring many magnetic ions together to form a metal,
then the ‘““magnetic electrons’ can hop onto neighbor-
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Fig. 2.1: Representative transition-metal energy-band structure,
showing the extent to which the five relatively flat d bands can be
distinguished from the more dispersive sp band. In “‘strong” mag-
nets, the relatively flat d bands for majority-spin electrons lie entirely
below g, thereby contributing five electrons to n,. These bands
were calculated for paramagnetic Ni.

ing sites. The electron eigenstates are no longer local-
ized but extended throughout the metal, and the
energies spread into bands. Fig. 2.1 shows a repre-
sentative energy-band structure for a transition metal.
The electrons fill these states up to the Fermi energy
which is determined by the number of electrons. The
effect of exchange on this description is to split the
“spin-up” and ‘“‘spin-down” bands. The moment is
then

p=(ny=n)us. (2.14)
But the total number of electrons involved is the chem-
ical valence Z,

Z=n,+n,. (2.15)
Iron, for example, has a chemical valence of 26-18 or
8. It turns out that elements to the right of Fe in the
periodic table possess completely filled up-spin d
bands, i.e., n,, =5. The exchange splitting of the sp
bands is much smaller. Calculations show that n,,, is
about 0.3 for the elements to the right of Fe. Thus, the
total moment in units of ug is

p=2(ny, +ng,,)-Z2=106—Z. (2.16)
The chemical valence of Co is 9. So, u =1.6. For Ni we
find 0.6. Fe itself does not quite have filled up-spin d
bands. Therefore, its moment is not 2.6 but is slightly
smaller, 2.2. For alloys of Fe, Co, Ni, or Cu the d bands
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-
w
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=

0.5 —

Y
0 L ! | |
1.0 0.5 0 05 1.0 15 2.0
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Fig. 2.2: Generalized Slater-Pauling curve [1]. Average alloy mag-
netization per alloy atom versus average magnetic valence. Mag-
netic valence is an integer for each column of the periodic table. It is
the negative of the usual chemical valence, except for the Fe, Co,
and Ni columns, where it is 10 minus the chemical valence.

are complicated. But the up-spin bands still lie below
the Fermi level. Therefore the simple expression given
above still applies with Z being the average valence
[1]. Thus the moment varies linearly with concentra-
tion as shown in Fig. 2.2.

2.1.2 Long Range Order

In the previous section we have described how
exchange is responsible for the formation of magnetic
moments. At zero temperature the entropy associated
with a system of such moments goes to zero, and the
moments ‘‘freeze” into a specific configuration. The
nature of this long range order depends upon the
interactions among the moments. These interactions
are also exchange interactions. If the wave functions
of the electrons on the different sites overlap then
there will be an intersite interaction of the Dirac form
involving the individual electrons. However, the sign of
the exchange may be either positive or negative. Also,
under some conditions, it is possible to rewrite this
interaction as an exchange interaction between the
total spins of each site, i.e.,

—2JS, S, (2.17)

where S§,=38,. This interaction forms the basis for
what is called the Heisenberg model of ferromag-
netism. In general, however, the origin of exchange in
real materials is more subtle. In many magnetic insula-
tors, for example, there are anions such as oxygen,
fluorine, etc., intervening between the magnetic ions.
In this case the exchange arises through a mechanism
known as superexchange. P. W. Anderson has shown
that the sign of this effective exchange is negative,
that is, it tends to favor antiparallel alignment of the
moments. In insulators with relatively simple crystal
structures this leads to antiferromagnetism at low tem-
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Fig. 2.3: The spinel structure.

peratures. In materials with more complicated struc-
tures the magnetic structures may also be complex.

As an example of a complex magnetic structure let
us consider the basic component of magnetic media,
vy —Fe, O;, or maghemite.

This material has the so-called spinel crystal struc-
ture. This structure is shown in Fig. 2.3. The smallest
cubic unit cell contains 32 oxygen ions. The cations
occupy interstitial positions in this cubic oxygen lattice,
of which there are two types.

In one, called the A site, the cation is surrounded by
four oxygen ions located at the corners of a tetra-
hedron. In the other, called the B site, the cation is
surrounded by six oxygen ions at the vertices of an
octahedron. Eight A sites and 16 B sites are occupied
per unit cell. If these A sites are occupied by divalent
ions and the 16 B sites by trivalent ions the structure
is called a normal spinel. If, however, the B sites are
occupied half by divalent and half by trivalent ions
distributed at random, with the other trivalent ions in
the A sites, the structure is called an inverse spinel. In
the case of y —Fe 0,3, which has the inverse structure,
there are no divalent ions; two-thirds of the octahedral
B sites that would normally be occupied by divalent
ions are occupied by Fe®" ions, the other one-third
remaining vacant. Thus, the formula for the unit cell
may be written

Feg |Feis,30g,3|| Fes |Os
A sites | divalent trivalent
B sites B sites

where O stands for a vacancy.
The exchange interactions in y —Fe O, are such as
to align the A sites antiparallel to the B sites. Since

the moment of Fe** is 5u,, the net magnetic moment
of a unit cell is

p=8(5ng)—[16/3(515)+8(5p5)] = (80/3)pg

or (80,/3),/(32/3) = 2.5u 5 per molecular unit. The num-
ber of molecules per mole is Avogadro’s number N,
and the number of grams per mole is the molecular
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weight
A =2(55.85)+3(16.00) =159.70.

Therefore, the magnetic moment per gram is

_ Np  (6.022x10%)(2.5)(0.927x10%)
TTA T 159.70
—87.4EMU/g.

Since the density is 5.074 g/cm?®, the magnetization is
443 EMU/cm?. A material such as y — Fe O, whose net
moment is the result of an imbalance between two
oppositely oriented sublattices is called a ferrimagnet.
In general, the two sublattices could involve different
magnetic species. The rare earth garnets, for example,
which underlie magnetic bubble devices, contain Fe?*,
Fe®", and rare earth ions.

Nonconducting ferrimagnets are often referred to
simply as ferrites. We tend to take the existence of
magnetic insulators for granted. The concept was first
patented in 1909 (in Germany) but nothing happened
because of the lack of a theoretical understanding and
a driving technology. Ferrites were eventually devel-
oped largely as a result of Snoek’s work at Philips
during the early 1940’s on spinels and Néel’'s 1948
theory of ferrimagnetism (for which he shared the
1970 Nobel Prize in Physics).

If we have an ordered net magnetic moment, as in a
ferromagnet or ferrimagnet, then it will cost exchange
energy to introduce any spatial variation in this mag-
netization. This is contained in the Heisenberg ex-
change. However, it is often convenient to express this
energy in a more macroscopic form. In particular, it
must be proportional to the spatial variation in M. It
can be shown [2] that if we consider only the magnetic
energy the exchange energy density takes the form

E,=A(|YM, 2+ VM2 +|w¥M,?)  (2.18)
where the exchange parameter A is related to the
microscopic Heisenberg exchange J.

2.1.3 Transition Temperature

Thermal fluctuations tend to destroy the long range
magnetic order. The temperature at which this occurs
is of the order of the “intermoment” exchange. In
the case of the insulating magnets this exchange is
much less than the “intramoment” exchange which is
responsible for the moment formation. Thus, above a
certain temperature, called the Curie temperature for
ferro- or ferrimagnets and the Néel temperature for
antiferromagnets, one has disordered magnetic mo-
ments whose amplitudes are not appreciably affected
by the temperature.

In the case of metallic magnetic materials the spatial
extent of the magnetic moment may be quite large.
Consequently, temperature may actually destroy the
long range order by destroying the moment itself. This



CHAPTER 2: MAGNETIC MEDIA

.

(a) (b)

Fig. 2.4: Charge densities associated with (a) one of the e orbitals
and (b) one of the t, orbitals.

is what is generally referred to as itinerant magnetism.
The fact that Fe and Ni show a Curie-law response
above their transition temperatures indicates that they
behave very much like localized moment systems. Cr
is perhaps the best example of a truly itinerant system.

2.1.4 Crystalline Anisotropy

Fe and Ni both have a cubic crystalline structure (Fe
is bce, Ni fcc). Experimentally, it is found that in the
ordered state the magnetic moment of Fe prefers to
point along the [100] axis, while that of Ni along the
[111] axis. We speak of these directions as their easy
axes. This magnetic anisotropy arises from the cou-
pling between the electronic spin, which is largely
responsible for the magnetic moment, and the elec-
tronic charge distribution. This charge distribution it-
self is influenced by the crystalline environment as we
mentioned. The e state and t, states, for example,
have the charge distributions shown in Fig. 2.4. The
total charge distribution of the ion or the magnetic cell
will contain contours that will determine its position in
the environment. The magnetic moment is coupled to
this charge and will therefore point in a specific direc-
tion. Notice that if the [111] axis is an easy axis there
will be four equivalent easy axes in the crystal.

The largest crystalline anisotropies are found in
crystals of RECo, and RE,Co,;. This is presumably
connected with the very anisotropic charge distribu-
tions of the rare earths (RE).

Phenomenologically, the anisotropy energy associ-
ated with an axial anisotropy may be written

E,=Ksin?0 (2.19)
where 0 is the angle the magnetization makes with the
axis. When K> 0 we refer to this as an easy axis;
when K < 0 it becomes a hard axis. Although iron and
nickel are cubic, when Ni-Fe films are evaporated in
the presence of a magnetic field an easy axis is in-
duced in the direction of this field due to the direc-
tional ordering of Fe—Fe pairs in the Ni matrix.

If the anisotropy does reflect a cubic symmetry, as
in iron or nickel, the phenomenological anisotropy
energy density is written

E,=K,(a%a2+ adal + aZa?)+ Ka2a2a3 (2.20)

where the q; are the direction cosines of the magneti-
zation referred to the cube edges. The sign of K, for
Ni is opposite that for Fe:

K, (Fe) =4.6x10%erg/cm®
K, (Ni) = —0.56x10%erg /cm®.
As a result, the anisotropy of Ni-Fe alloys passes

through zero at 70 percent Ni.

2.1.5 Magnetostriction

When a material is magnetized there is also a change
in its length. The fractional change A = 8/ // associated
with a change in magnetization from zero to saturation
is called magnetostriction. This coupling between the
magnetization and the strain is due to the strain de-
pendence of the anisotropy energy. If we denote the
strain components by e, the magnetoelastic coupling
energy density in a cubic material must have, by sym-
metry, the form

E, o= B,(afe“ +ade,, + agezz)
+ Bz(“1azexy + ayaze,, + azaqe,,). (2.21)
The elastic energy density has the form
E.= %011(93x + e§y+ egz)_‘— %044(9)2<y + e;zzz+ egx)
+c(e L., +e,e,,+e.8,) (2.22)

where the ¢’s are the elastic moduli. Minimizing E,,, +
E . with respect to the strains we find that the elonga-
tion in the direction (B, 85, 8;) is given by

31/ 1= (3/2)N ol o383 + 32 + o382 ~1/3)
+ 3N 11 @@ 818, + a5, By + iy B183)

(2.23)
where
2 B,
Moo=~ 3 oo (2.24)
and
1B
>\111=“‘§E‘2: (2.25)

are the magnetostriction coefficients. For iron and
nickel

A1o0(F€) =20.7 %1076

Aq(Fe) = —21.2x107®
A1oo(Ni) = —45.9x107®
Ay1i(Ni) = —24.3x1078.

For a polycrystalline sample with crystallites oriented
at random, the appropriate magnetostriction coeffi-
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Fig. 2.5: Examples of domain configurations.

cient is

A= (2/5))\100"*'(3/5)}‘111- (2~26)

In Ni-Fe alloys this goes through zero at 80 percent
Ni. Because of its very small anisotropy and magneto-
striction, the 78 percent alloy, called permalloy, has
very useful extrinsic properties, as we shall see.
Since stress and strain are linearly related through
the elastic constants, the magnetoelastic energy may
be expressed in terms of an applied stress. In particu-
lar, suppose we have an isotropic situation where
Aioo =Aq;1=A. Then if a stress o makes an angle 6
with the magnetization, the energy density becomes

E,.=—(3/2)Aocos?4. (2.27)

Note that this has the consequence of a uniaxial
anisotropy.

2.1.6 Magnetic Domains

Another concept that is intrinsic to magnetic materi-
als is that of magnetic domains. This concept has its
basis in the classical magnetostatic interaction. A
magnetic moment, according to Maxwell’s equation,
gives rise to a magnetic field. The interaction between
this field and the magnetic moment producing it gives
the magnetostatic energy.

Consider first a uniformly magnetized film of thick-
ness / as shown in Fig. 2.5. The energy associated
with the magnetostatic fields can be expressed in
terms of the surface magnetic pole density or, equiv-
alently, the demagnetization field arising from these
poles. The demagnetizing field in this case is H,=
—47M. Therefore, the magnetostatic energy per unit
area of surface is

¢m=—(1/2A) [ *rM-Hy=2aM?I.  (2.28)

Kittel' [3] has calculated the corresponding energies

In a plate of infinite extent the demagnitization field is —47M
everywhere. Therefore, the B field inside is zero and since B, must
be continuous, the B field outside will also be zero. That is, there
are no field lines outside! Therefore, domain formation does not
occur in order to reduce the field energy outside the sample as is
commonly taught. Rather, it is the internal demagnetization field that
is reduced by domain formation. If we have a domain of characteris-
tic dimension d in a film of thickness /, the demagnetization factor is
reduced from unity to something of the order of the aspect ratio d/!.
This is the origin of the appearance of the dimension d in these
energies.
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for the configurations shown in Fig. 8(b) and (c) as
€ n(stripes) =1.71 M%d

¢,,(checkerboard) =1.06 M?d. (2.29)

The domains shown above are separated by walls.
Because these walls involve a spatial variation of the
magnetization they require both exchange energy and
anisotropy energy. If o, is the surface energy associ-
ated with a wall, then the total wall energies per unit
(sample) surface area for these configurations are

¢, (stripes) =o,//d

¢, (checkerboard) = 2¢,,//d. (2.30)

Adding this wall energy to the magnetostatic energy
and minimizing with respect to the domain size d
leads to an optimum stripe domain with a width of

d=\o,l/1.71M? . (2.31)
Wall energies are typically of the order of a few
erg/cm?. Therefore, the domain size is of the order of
[y/(cm) /M(G)]cm. The energy at this minimum for the
stripe pattern is

€nin(Stripe) =2M/1.710,,/ =3.42 M?d. (2.32)
The ratio between this energy and that of the uni-
formly magnetized film is approximately d//, which, by
our original assumption, is much less than one. Simi-
lar arguments apply to other geometries. Thus, most
““magnetic”’ materials will break into domains greatly
reducing the observable magnetic moment.

The wall between domains can have a very complex
structure. In Fig. 2.6 we illustrate the two simplest
types of walls, the Bloch wall and the Néel wall. In the
Bloch wall the magnetization rotates about an axis
normal to the plane of the wall. Therefore, v-M=0
which means there are no volume demagnetizing
fields. At the center of the wall, however, as can be
seen in the figure, the magnetization is normal to the
surface which generates a surface demagneti-
zing field. The Néel wall does generate a volume
demagnetizing field. In order to determine these
fields, and hence the magnetostatic energy, we must
know the magnetization distribution. This becomes
a complicated variational problem. Néel, and later
Middelhoek [4] calculated the energies associated with
Bloch and Néel walls. These energies are also plotted
in Fig. 2.6 as functions of film thickness for numbers
appropriate to permalloy. As the film becomes very
thin, the Néel wall becomes preferred, but notice that
its width far exceeds the thickness of the film.

Domain walls are readily observed by applying a
ferrofluid to the surface of the magnetic film. Such a
fluid consists of a colloidal suspension of magnetic
particles of the order of 100 A to 150 A which migrate
into the field gradients associated with the walls. This
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Fig. 2.6: Bloch and Néel domain wall energies and wall thick-
nesses as functions of film thickness.

technique was first tried by Bitter in 1931. He observed
patterns complicated by surface domains. In 1949,
Williams, Bozorth, and Shockley [5] observed bulk
domains in carefully electropolished samples. Since
thin films have very smooth surfaces they may be
studied by the Bitter technique without being polished.
When Huber, Smith, and Goodenough [6] investigated
permalloy films in the thickness range of several
hundred angstroms, they observed the “crosstie” pat-
terns shown in Fig. 2.7. The crosstie wall is associated
with the fact that a Néel wall may rotate in either of two
directions. Let us denote these two types of Néel walls
as N* and N~. Then where an N* and N~ segment
meet we have a magnetic configuration called a Bloch
line. The crosstie wall basically consists of an array of
Bloch lines. However, half of the Bloch lines will have
the “wrong” sense relative to the directions of the
magnetizations on either side of the wall. These pro-
duce the crossties as shown in Fig. 2.7.

2.2 Extrinsic Magnetic Properties

By extrinsic properties we mean those properties
associated with macroscopic media. As such these
properties are greatly influenced by the composition
of the medium. These properties are reflected in the
response of the medium to an applied magnetic field.
This response takes the form of the magnetic hyster-
isis loop shown in Fig. 2.8.

There are four parameters that characterize such a
loop. The first is the value of the magnetization at very
high fields, the saturation magnetization M. This
should correspond to the magnetic moment per unit
volume. The second parameter is the remanent mag-
netization which depends upon the domain structure
in zero field. The third parameter is the value of the
applied field required to drive the magnetization to
zero from its saturated state. This is the coercive field,
or coercivity. The coercivity varies over a wide range



(a)

POV Hiot

=

<

o]

CROSSTIE

(b)

Fig. 2.7: Crosstie pattern on a permalloy film observed by (a) bitter
technique (courtesy of L. J. Schwee); (b) magnetic structure of a
crosstie.

of values and leads to the distinction between soft and
hard magnets. Soft magnets have a low coercivity, of
the order of 0.05 Oe. Such magnets, as we shali see,
are desirable for magnetic ““head’” media. Hard mag-
nets have large coercivities. For permanent magnets
we want the largest coercivities possible. For record-
ing media, however, if the coercivities are too high the
medium cannot be written upon. Typical coercivities
are in the vicinity of 500 Oe. The coercivity is a strong
function of chemical and structural defects and, there-
fore, of the preparation process. The fourth parameter
characterizing the loop is its squareness. We shall
define this quantitatively in Chapter 4.

2.2.1 Particulate Media

The feature of magnetic media that makes it attrac-
tive for storing information is that it can be produced
in large areas. There are basically two ways of doing
this. One is to dissolve magnetic particles in some
binder and coat them onto a substrate. This has been
the approach for tapes and disks for the past 30 years.
The other is to evaporate or plate magnetic films. In
this section we shall consider the properties of mag-
netic particles.
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M(emu/cc)

Fig. 2.8: Hysteresis loop typical of a metallic magnetic recording
medium.

a) Single Particle Behavior: Let us consider a par-
ticle in the shape of a prolate ellipsoid:

Let us also assume that the particle is uniformly mag-
netized in some direction with respect to the major
axis. The Maxwell equation

V-H=—-47v-M

can then be solved for the magnetic field associated
with this magnetization. The result is that inside the
ellipsoid the magnetic field along the ith principle axis
is opposite to the component of the magnetization in
that direction and has the value — N;M, where N,(i=
a,b) are the ‘‘demagnetizing” factors characterizing
the ellipsoid

(a/b)in|a/b+(a%/b2—-1)""? B
(a2/b2-1)""?

47
? a¥/b?2-1

(2.33)

The corresponding demagnetization energy density
has the form

—IM-Hp=— 1N M2~ IN,M2= (N, — N,)M2sin§.

This is referred to as shape anisotropy and is written
as Ksin?6. Since N,+2N,= 47, K may be expressed
in terms of N,

K

(7 —3N,)M2. (2.34)

If our external field is applied to the particle at some
angle ¢ the magnetization will be pulled into an angle
# giving a total energy

E=—-M,H,cosf — M,H,sinf + Ksin?4. (2.35)
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Fig. 2.9: Asteroid construction for determining the equilibrium di-
rections of the magnetization.

The equilibrium magnetization direction is determined
by

JdE/d0 =0. (2.36)
This will be a stable minimum if
d°E /362> 0. (2.37)

Setting the second derivative to zero gives the equa-
tions which have the solution

H,=—-(2K/M,)cos*d

Hp= (2K/M,)sin®4. (2.38)
Therefore the curve
H2/3 + H2/3 = (2K /M )*/°, (2.39)

which is the equation for an asteroid, separates the
region where the system has two stable minima (in-
side) from that where it has only one stable minimum
(outside). (See Fig. 2.9.) This construction is very use-
ful, for it can be shown that the stable magnetization
directions for any given field (H,, H,) are obtained by
drawing tangents from this point to the upper half of
the asteroid. Consider, for example, a field of magni-
tude and direction characterized by point A. Then
there are two possible orientations for the magnetiza-
tion of the particle:

M52 Ha

A field whose magnitude places it outside the asteroid,
at point B for example, produces a magnetization in
only one direction:

Hg

=

11

M
Ha
(€:))
M
Hp
(b)
M
—

J H(45°)

©)

-

Fig. 2.10: Hysteresis loops for different directions of the field rela-
tive to the particulate axis.

Thus, suppose the field is parallel to the major axis.
Then M is either parallel or antiparallel to H for H<
2K/M.. When H exceeds 2K/M, then M is only
parallel to H. This gives the single-particle hysteresis
loop shown in Fig. 2.10(a). Two other cases, (b) and
(c), are also shown.

b) Size Effects: In the previous discussion we as-
sumed that the magnetization remained uniform in a
direction determined by the applied field. This ne-
glects the possibility of spontaneous domain formation
and the effect of temperature. Above some critical
size, domains will form. This will occur when the
magnetostatic energy of a single domain, M2 ab?, be-
comes comparable to a wall energy o, ab. Thus,

beyiy ~ Gw/Mg' (2-40)

On the other hand, if the sample becomes too small,
thermal fluctuations will flip the magnetization. The
shape demagnetization field provides an energy bar-
rier (N, — N,)M?ab? When the thermal energy KT is
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Fig. 2.12: Relations between coercivity and particle diameter for
several materials [7].

comparable to, or greater than this barrier, the net
magnetic moment of the particle responds with a
Curie-law. This situation is referred to as superpara-
magnetism. Fig. 2.11 shows the magnetization of a 200
A particle of y — Fe,O;. Since the coercivity of a super-
paramagnet is zero while the coercivity of a multido-
main particle is small because of domain wall motion,
the coercivity as a function of size shows a peak in the
region of single domain particles (Fig. 2.12).

The particles used in magnetic recording are gener-
ally needle-like with the longest dimension of the order
of a micron. y —Fe, O, particles of this size are single
domain. Recorded segments are presently much
longer than this. Therefore, the writing process in-
volves the reversal of large clusters of single domain
particles. The transition region between two oppo-
sitely magnetized segments involves a gradual shift in
the distribution of particles magnetized one direction

INTRODUCTION TO MAGNETIC RECORDING

relative to the opposite direction. This is not to be
confused with the domain walls described above.

c) Stoner—Wohlfarth Model: In 1948 Stoner and
Wohlfarth [8] published what is perhaps the first at-
tempt to calculate the hysteresis loop for a “real”
material. This material consisted of randomly oriented,
noninteracting, single domain prolate ellipsoids. In
terms of the coordinates defined below

the magnetostatic energy associated with the demag-
netization field may be written

Ep=—3MsHp=— 1M (N-M,)
= (M2/4)[(N,+ Np)+(N,— N,)cos2y].
(2.41)
The Zeeman energy is
E,=—M.Hcose. (2.42)
Introducing the reduced field
h= ———( N, —I-I(Ia) M. (2.43)
and minimizing E,+ E, with respect to ¢ gives
3sin2(¢—0)+hsing=0 (2.44)
and
cos2(¢—6)+hcose>0. (2.45)

Setting the second equation equal to zero and
eliminating the angle ¢ gives the field at which the
magnetization jumps to a new energy minimum for a
given particle orientation 6,

(1— 2+ 14)"?

h —
° (1+ t2)

(2.46)

where t=tan'/30. The average values of the reduced
magnetization in the direction of the applied field for a
random assembly of particle axes is given by

f"/227rcos psinddé
0

cos¢ = (2.47)

f"/zzwsinodo
0

Expressing ¢ in terms of # and evaluating the average
numerically, Stoner and Wohlfarth obtained the hys-
teresis loop shown in Fig. 2.13. The coercivity is given
by

H,o= 0.479(N, > N,) M, (2.48)

12
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0.5

cos

05 1.0 15

Fig. 2.13: The hysteresis curves of noninteracting prolate el-
lipsoidal particles oriented at random.

If we decrease h from some value greater than 1 to 0,
then ¢ — 6, so

cosg = [“coshsingds=1/2.  (2.49)

0
Thus, the remanence M,, according to the Stoner—
Wohlfarth theory, is M, /2.

Experimentally, the values of the coercivity tend to
be smaller than this result predicts. For example, for
vy —Fe O,, with an axial ratio of 5, N,— N,=5.23 and
therefore H, should be 930 Oe. But measured values
are closer to 300 Oe. There are a number of reasons
for such a discrepancy. First of all, ““real”” particles are
neither ellipsoidal nor do they all have the same axial
ratios. But one of the important effects not included in
the Stoner—Wohlfarth theory is the role of interactions.

d) Particle Interactions: The magnetic dipole—dipole
interaction has the form

. -r '
£ =M 3p.2 _3 (b4 12)?"2 12) . (2.50)
r iz

Let us consider two particles having equal volumes, V,
and magnetizations separated by a distance r along
the z axis:

=MV

If each particle possesses uniaxial anisotropy along
the z direction then the total energy in the presence of

an applied field along the z axis is

E= [— K('Y12 + 722)+(M§/"3)(0‘1“2 + 8182 — 2v17,)
— HM (v, +v,)| V (2.51)

where «, 8,y are the direction cosines of the magneti-
zations. The anisotropy constant K contains both
shape and crystalline contributions. Minimizing E with
respect to the direction cosines subject to the con-
straint

a®+ BZ+y2=1

gives
Vi=r=*1  for |H <H,
and
Y=Y, =1 for |H|> H,
and
vi=v.=-1  for |H|<-H,
where
2K MYV 2K
Hc=—/VI—S+—r%=——q+(Nb“Na)Ms+(V/r3)MS'

MS
(2.52)

Thus, for this simple example, the dipole—dipole inter-
action tends to increase the coercivity. V/r® is the
fraction of the total volume occupied by magnetic
material, i.e., the “packing fraction,” p. When K is
dominated by shape anisotropy this result would sug-
gest that the coercivity should increase linearly with
the packing fraction. Experimentally, however, it is
generally found that H (p)= H () (1—p). It can be
shown that such a relation holds for an assembly of
infinitely long, parallel cylinders with arbitrary cross
sections in a field parallel to the cylinder axes, and
with homogeneous and parallel rotation of the magne-
tization. The switching of an assembly of interacting
particles is very complex. It is generally accepted that
one cannot simply calculate the field required to rotate
the moment of one particle holding the others fixed.
Each environment must be treated simultaneously.
Another simple model that includes interactions was
proposed by Preisach in 1935 [19]. He characterized
each particle by a rectangular hysteresis loop, and
assumed that the coercivities, or switching fields, were
described by a distribution. He incorporated interac-
tions by assuming that each loop was shifted by an
interaction field which was also described by a distri-
bution function. Thus, each particle could be plotted
on the “Preisach plane” whose axes corresponded to

13



the interaction field H; and the switching field H, as
illustrated below for the demagnetized state.

If an external field is now applied, those particles lying
within the region bounded by H=H,+ H_, which cor-
responds to a line at 45° to the axes, will switch. If the
field is reduced, then those regions for which H< H, —
H_ will switch back. This boundary is again a 45° line
but perpendicular to the first, thereby defining a trian-
gle with the axes.

The recording process may be thought of as a
change in the size and location of such a triangular
region. This Preisach description is useful in under-
standing different magnetization processes, such as
the anhysteretic process we shall discuss later. It
does, however, represent a one-dimensional approach
to what is basically a vectoral problem. Furthermore, it
is not clear whether the initial distribution functions for
the switching fields or the interaction fields will be
stable as the material is cycled around a loop.

e) Incoherent Rotation: So far our discussion has
assumed that the magnetization of the particle re-
mains uniform during the reversal process. There are,
however, reversal mechanisms involving nonuniform
configurations that give lower coercivities. Two of
these are “*buckling” and “curling,” and are illustrated

as follows:
Buckling Curling Chain of Spheres Model

Another model for reversal has been proposed by
Jacobs and Bean [9]. They approximate the particle by
a chain of spheres which couple only through their
dipolar fields. The energy of n spheres whose mo-
ments rotate coherently through an angle 6 is

2
E = %nK,,ﬁ —~3co0s20)+nuHcos  (2.53)

where

14
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M

H /2K, p/a3)

Fig. 2.14: Hysteresis loop of an assembly of randomly oriented
two-sphere chains assuming a fanning reversal mechanism.

The field for reversal is then found from JE,, /d0 = 0 as

He n=(n/a%)6K,,.

For n=2 this just becomes 47#M where M=
w/(4/3)wa®. However, if the reversal occurs through a
“fanning,” then the dipolar energy is

(2.54)

E,=(pn?/a%)nL,(cos?6 —3cos?0)+(u?/a®)nM,,

-(1—3cos?6)+ nuHcos § (2.55)
where
(n=1)/2<j<(n+1)/2 n—(2j—1)
L,= )y —
j=1 n(2j—-1)
and
(n—2)/2<j<n/2 (n'—2j)
Mn= —_‘3—
j=1 n(2j)
The field for reversal now becomes
Hc,n= (“’/aa)(sKn_“Ln)' (2'56)

For n= 2, fanning reduces H_ by 33 percent.

If these chains are assumed to be oriented at ran-
dom, then H, is further reduced by the factor 0.479
found by Stoner and Wohlfarth. Results for chains of
only two spheres are shown in Fig. 2.14.

The relative contributions of shape and magneto-
crystalline anisotropy to the coercivity of y—Fe, O,
particles were determined experimentally by Eagle and
Mallinson [10] to be 67 and 33 percent, respectively.
The mechanism of magnetization reversal appears to
be incoherent reversal. Knowles [11] recently mea-
sured directly the H, values for isolated particles of
y —Fe O, large enough to be seen in an optical micro-
scope of resolution =0.2 pum. He found a range from
300 to 1100 Oe. The lower values were consistent with
a fanning mode and the upper ones with a buckling
mode of incoherent rotation.



CHAPTER 2: MAGNETIC MEDIA

ISOMAX TAPE
H_ =900 Oe

z

H
X
y(corrected)

Fig. 2.15: Hysteresis loops in the three directions obtained with a
vibrating sample magnetometer. The y curve has been corrected for
demagnetizing effects.

L

f) Remanence: A large remanence leads to a large
signal from the medium. Therefore, let us now con-
sider how a large remanence might be obtained. Sup-
pose we have a collection of particles each with m
easy axes. When the external field is removed, the
magnetization of each particle rotates to the nearest
easy axis.

Each easy axis ‘“‘controls” a solid angle 2Q = 47/m.
This is related to the cone angle § by cos8 =1—-Q /27,
so cosf =1—1/m. The remanent magnetization asso-
ciated with a rotation through « is

M,(a) =M cosa.

This must be averaged over all allowed values of «
which lie between 0 and 4,

cos @
M, f1 cosad(cos a) _1/2(cos0 - 1)
M, fcosyd(cos «) cosf —1
1
=1-1/2m. (2.57)

For a uniaxial particle m=1, and we recover the
Stoner-Wohlfarth result. If one wished to “design” a
medium which was isotropic with a high remanence
one would choose particles with many easy axes,
such as a cubic material which would have 3([100]) or
4([111]) easy axes. Kodak has exploited this idea in
the development of its ISOMAX medium [12]. This
consists of ‘“‘stubby” particles of y—Fe,O; with an
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Fig. 2.16: Evolution of characteristic lengths governing longitu-
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points refer to IBM DASD products.

acicularity ratio of only 2.5. The cubic anisotropy is
increased by the addition of a few percent of Co. The
result is a magnetically isotropic medium as shown by
the hysteresis loops in Fig. 2.15.

Attempts to enhance the properties of y —Fe,O; by
adding cobalt actually began over 25 years ago. Al-
though the incorporation of cobalt does increase the
coercivity it also increases the temperature depen-
dence of the coercivity. It was subsequently dis-
covered that one could enhance the coercivity of
vy —Fe, O, without a strong temperature dependence
by simply coating the particle with cobalt. The mecha-
nism for this enhancement is not yet understood. For
a review of particulate media, see Bate [13].

2.2.2 Thin Films

Fig. 2.16 shows that the higher recording densities,
at least for horizontal recording, are associated with
thinner media. As we shall see in Chapter 5, the
readback voltage is proportional to the thickness of
the medium. It is also proportional to the magnetiza-
tion. Therefore, as the medium becomes thinner we
would like to increase its magnetization. One way of
doing this is to grow y—Fe,O, as a film. Fujitsu
Laboratories Ltd. in Kawasaki, Japan, has developed a
reactive sputtering process to obtain such thin films of
ferric oxide [14]. Sputtering is a process in which a
target, consisting of the material to be deposited, is
placed opposite a substrate in a vacuum chamber (see
Fig. 2.17).

The chamber is evacuated to a base pressure on
the order of 10~° torr and then filled with argon gas to
a pressure of about 10 mtorr. When a potential of
several kilovolts is applied between the target and an
anode, the argon gas forms a glow discharge. Argon
ions are accelerated to the target, where they strike
the surface and create an atomic collision cascade in
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Fig. 2.17: Schematic illustration of the sputtering process.

TABLE 2.1
Comparison of the Properties of a Sputtered —Fe,0O; Film
with a Particulate Film

SPUTTERED
COATED DISK FERRITE DISK
»-Fe,0; FINE
PARTICLE ~ 1-Fe,04
RESIN
”
STRUCTURE m ANODIZED
Al LAYER
Al SUBSTRATE Al SUBSTRATE
RECORDING
DENSITY (BPI) 12,000 24,000
FILM THICKNESS 07 0.18
(um}
SURFACE
ROUGHNESS (um) 012 002
COERCIVE
FORCE (Oe) 400 700

the bulk. Some atoms reach the surface, travel through
the discharge, and are deposited on the substrate,
which may or may not be electrically biased. In the
Fujitsu process, an iron target is sputtered in an
argon-oxygen atmosphere, resulting in a film of Fe ,0,.
This film is then heat-treated in an oxygen atmosphere
~ to convert the Fe O, into Fe, 0. Typical performance
parameters for sputtered oxide films are listed in Table
2.1.

Another way of obtaining a large magnetization is to
consider pure magnetic metals such as Fe and Co. As
we mentioned above, Co has a magnetic moment of
1.6 pg/atom. Carrying through the same calculation
that we did for y —Fe,0;, the magnetic moment per
gram is 151 EMU/g. The density is 8.9 g/cm?®. There-
fore, the magnetization is 1343 EMU /cm?, three times
that of y —Fe,O;.

There are a variety of techniques for fabricating
metal films. Of the plating techniques we generally
distinguish two, depending on the sources of the elec-
trons which reduce the metal ions in solution. In
electrodeposition these electrons are provided by an
electric current. In electroless deposition they are pro-
vided by a chemical reducing agent in the solution.

Electroless plating was discovered by Brenner and
Riddell in 1946 when they found that sodium hypo-
phosphite was a reducing agent for Ni?*. The corre-
sponding reaction for plating cobalt is

2H,PO, +2H,0+ Co?* = Co+H,+4H" +2HPO; .
hypophosphite ion phosphite ion

INTRODUCTION TO MAGNETIC RECORDING
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Fig. 2.18: Phase diagram of cobalt—-chromium system (from W. G.
Mofatt, The Handbook of Binary Phase Diagrams, General Electric,
1978).

This reaction only takes place on a “catalytic”
surface. The metal being deposited must therefore
itself be catalytic if one hopes to build up a film by this
process. For this reason electroless deposition is also
referred to as autocatalytic plating.

Cobalt films prepared this way are not pure cobalt,
but contain from 3 to 15 percent phosphorous, de-
pending on the bath conditions. This phosphorous is
likely to be present as Co,P, which is nonmagnetic.

Generally, the metal ion does not occur by itself in
solution, but is ““‘complexed” with some agent such as
the citrate radical to control the plating rate. The pH of
the solution may also have to be stabilized by the
addition of a buffering agent such as NH,OH. The
bath conditions such as the pH, the temperature, etc.,
govern the microstructure of the resulting film. And
the microstructure, in turn, governs the magnetic
properties. There is a strong correlation between the
size and nature of the microcrystallites making up the
film and the coercivity and squareness of the hyster-
esis loop [15].

Ampex uses electroless deposition in its so-called
ALAR process for producing metallic media. In this
process a 6 u layer of nonmagnetic nickel-phosphor-
ous is electrolessly deposited on an aluminum sub-
strate for protection against head impacts. This is then
polished to 0.05 p, peak to valley, before a 0.003-0.06
p film of cobalt phosphorous is electrolessly plated.

The other technique mentioned above for obtaining
metal films is electroplating, wherein an applied poten-
tial is used to reduce the cobalt ions. Again, a buffer-
ing agent must be added to maintain a constant pH.
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One advantage of electroplating is that the current
density is an additional parameter for controlling the
deposition process. This also permits fast deposition,
and the solution can be reused repeatedly. On the
other hand, neither electroplating nor electroless
deposition are convenient for obtaining alloy films.

The sputtering process described above is particu-
larly well suited for alloys. This has been employed by
Iwasaki and Ouchi [16] to prepare films with per-
pendicular anisotropy. Any film which is perpendicu-
larly magnetized will experience a demagnetization
field of —47M,. Thus, even if there is a uniaxial
crystalline anisotropy field, 2K /M., favoring the per-
pendicular direction, unless this exceeds the demag-
netization field, —47M,, the magnetization will remain
in-plane. The sputtering process tends to induce per-
pendicular anisotropy through a columnar mor-
phology. To reduce —47M,, lwasaki and Ouchi al-
loyed cobalt with chomium. From Fig. 2.2, or the
moment relation, p=10—-2Z, we see that chromium
should indeed reduce the moment of cobalt. However,
the Co-Cr phase diagram reproduced in Fig. 2.18
shows that there exists an intermetallic compound,
Co.Cr, in the vicinity of 13 percent Cr. Therefore, it has
been suggested [17] that it is not the reduced magne-
tization that is responsible for the perpendicular orien-
tation, but rather that phase separation produces
needle-like columns of nearly pure Co isolated by
CoCr. It is difficult to resolve such chemical dif-
ferences on the micron scale. However, there are two
pieces of evidence that indirectly support this sugges-
tion. First, the Co-Re system, whose phase diagram
does not show intermetallic compounds, also does not
exhibit perpendicular anisotropy. And, secondly, it is
possible [18] to obtain perpendicularly oriented Co
films by electrodeposition without any Cr.

Problems

1) Magnetite, Fe O,, also has the inverse spinel
structure. Calculate the moment per molecular unit
and the magnetization (the density is 5.197 g/cm®).

2) Use the functional derivative relation

y _3E,
T 8M

to calculate an effective exchange field. For a magne-
tization of the form

Mx(x)=—g7TMtan"(x/a)

sketch the exchange field as a function of x/a. For

cobalt AM?2~10-¢ erg/cm and M=1400 G. What is
the maximum exchange field in oersteds with a in
units of microns?

3) A typical tensile stress in a deposited metallic film
might be 10° dyn/cm?. What would be the order of
magnitude of the corresponding anisotropy field in,
say, a cobalt film?

4) The “initial susceptibility” is the slope of the
magnetization curve just as it leaves the M, =0 state,

aMm

X= GH oo

Calculate x in the Stoner-Wohlfarth model.
5) Consider a thin film with perpendicular anisotropy
energy density

E,=Kcos?8

where 6 is the angle between M and the plane of the
film. What is the demagnetization energy density as a
function of 6? Prove that for 2K < 47M, the magneti-
zation will lie in the plane.
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HE transducer that converts electrical signals into

magnetization patterns in the media is referred to
as the “head.” The heads of today are the same as
that in Poulsen’s telegraphone, namely they are small
electromagnets. Writing is accomplished by the fring-
ing magnetic fields from the narrow gap.

3.1 Head Requirements

3.1.1 Hysteresis Loop

In the writing process, the magnetic core in the
head serves to generate a concentrated field. As we
shall see below this field is limited by the saturation
magnetization. Therefore M, should be large. How-
ever, when the head is not energized, we want the
field to be zero in order to avoid unwanted writing.
This implies a low remanence. Finally, to avoid hyster-
esis losses the coercivity should also be very small.
Such low coercivity materials are said to be magneti-
cally ‘“‘soft.”” The hysteresis loop associated with a
head material is shown in Fig. 3.1.

3.1.2 Head Efficiency

Another important requirement of a head is that it
have a high efficiency, i.e., that a large portion of the
magnetomotive force—the ampere-turns in the coil—
appears across the gap. Let us consider the geometry
shown in Fig. 3.2. Since the permeability of the air gap
is 1,

B,=H,. (3.1)
Inside the core
B.=puH,. (3.2)
We also have Ampere’s law,’
4SH- di= (47 /c)NI (3.3)
Or,
Hi,+Hyg= (4m/c)NI (3.4)

"We have chosen to work in CGS units. This means the current is
in units of statamperes, where 1 statampere =(10,/c) ampere. In
MKS units magnetic field is expressed in amp-turns/m. Since the
relation between field and current density in CGS involves the factor
47/c we have the relation 1 amp-turn/m= ¢ /10 statamp-turn/m =
¢/10% statamp-turn/cm= (¢/10%)(4m/c) Oe. Another system of
units, the Systeme Internationale (SI) is also frequently used. (See
L. H. Bennet, C. H. Pope, and L. J. Swartzendruber, in AIP Conf.
Proc., vol. 29, p. xix, 1976.)
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Typical hysteresis loop for a ferrite recording head

where [, is the pathlength indicated in the figure. As
defined above, the efficiency is

n= Hgg/(477/C)NI.

This may be expressed in geometric terms by consid-
ering the magnetic flux. The flux in the core, @, is
B_A_. If we assume that the lines of B follow the core,
i.e., that there is no leakage of flux, then B will be
increased to compensate any taper and ¢, = ®,. The
ratio between the magnetic potential ¢ and the flux ®
is called the reluctance:

(3.5)

Pc Hclc le

R —= = = 3.6

¢ O pHA, pA, (3.6)
%y Hg9 g

R — = =2, (3.7)
¢ (Dg HQAQ Ag

In terms of the reluctances the efficiency becomes
- RO, _ R, _ g9/A,
RO +RO, R +R, g/A,+I./pA;’
(3.8)

To the extent that a large gap field implies a large
fringing field we therefore want a large permeability
and alarge ratio A, /A,. In Chapter 5 we shall see that
the readback signal has a null when the gap length
becomes of the order of the recording wavelength A. If
we set g= A /3 and require an efficiency of 90 percent
then (3.8) tells us that the permeability must exceed

301,
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Fig. 3.2: Geometry used in discussing the properties of a ring
head.

At the end of this chapter we shall discuss thin-film
heads whose geometries are different from the ring
head shown in Fig. 3.2. The efficiency of such thin-
film heads has been discussed by Paton [1] and ex-
tended to more realistic geometries by Hughes [13].

3.1.3 Impedance

Ideally the head is simply an inductance. Therefore
its impedance is Z=iwL. The inductance L is defined
as the ratio of the time rate of change of the flux
through the coils to that of the current,

L(dl/dt)=N(d®/dt). (3.9)
The flux threading each turn is
®=B.A_=pHA.. (3.10)

According to our argument above this flux is also
equal to
®=BA,=H,A,. (3.11)

Combining this result for H, with Ampere’s law above
gives H_ in terms of I and leads to

L=(4n/c)N*/(R_+R,) = (477/C)N27)Ag/g.
(3.12)

3.1.4 Frequency Response

Ideally we want the head to respond to all frequen-
cies. Fig. 3.3 shows typical permeability spectra. We
see that there is a characteristic frequency above
which the permeability falls rapidly. There are several
mechanisms that can lead to such behavior. We shall
describe three of these.

a) Eddy Currents: A time-varying magnetic flux den-
sity produces an electric field, and hence, a voltage
according to the Maxwell equation.

v X E=—1/c(dB/dt). (3.13)

INTRODUCTION TO MAGNETIC RECORDING

This field results in a current density by Ohm’s law

j=oE. (3.14)

These “‘eddy currents” also produce a magnetic field,
v X H=(4=n/c)j. (3.15)

Combining these equations with the constituent re-
lation

B=pH (3.16)

where p is the permeability, gives a diffusion equation
for the field H. As a lowest order approximation we
take the static value of the permeability u,. The diffu-
sion equation contains a characteristic length, the skin
depth,

c
V2T wo

where w is the frequency of the time-varying field. This
equation must be solved for the appropriate geometry
and with given boundary conditions. For the cross-
sectional area A, of the head above we find the
following current distribution:

8= (3.17)

The appearance of eddy currents changes the com-
plex impedance of the head in two ways. First of all,
these currents lead to ohmic losses. And, secondly,
the flux-carrying capacity of the core is reduced, which
reduces the inductance of the head. These changes
may be described by a complex permeability. This
permeability has a frequency dependence similar to
that shown in Fig. 3.3. The rolloff in p” occurs when
the characteristic length § becomes equal to the char-
acteristic dimension of the conductor, which in our
case would be the trackwidth w. Thus,

Foax = €%/ (27W) 1. (3.18)

Thus, one obviously wants a head material with a
large resistivity, p, or one must laminate the head in
order to reduce the characteristic dimension.

b) Spin Resonance: In high resistivity materials the
frequency response lies in the gyromagnetic nature of
the magnetic moment. That is, a magnetic moment,
being proportional to angular momentum, responds to
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Fig. 3.3: Real (¢’) and imaginary (p”) parts of the complex per-
meability as a function of frequency for two NiZn ferrites, A and B,
having different compositions.

an applied force just like a spinning top. This is de-
scribed by the equation of motion

dM /dt=yM X H. (3.19)

where y is the gyromagnetic ratio relating the mag-
netic moment to the angular momentum, yA = gpg. If
we wish to rotate a magnetization M, we apply a field
at right angles. Let us assume this applied field has a
time dependence exp(iwt). Then

H=H,+ hexp (iwt). (3.20)

We assume h is much less than the internal field H,. In
many cases this internal field is an anisotropy field.
Assuming the response of the magnetization is small
we may write

M= M_+ mexp (iot) (3.21)

where m<< M, and mX M, = 0. Substituting M and H
into the equation of motion, the first order equation

becomes
iwm=y(Ms><h+m><H,.). (3.22)

Cross-multiplying from the right by H, and taking
the scalar product with H,, gives two equations that
may be combined to give

(iw/y)[iem—y(M;xh)] =y(MsH)h—y
(h-H)M - yH?m
(3.23)
or

m=[ioy(Myx h)+y%(MgH)h
=Y (H; )M /(0§ — o)
where w, = yH,. Introducing the permeability by B=iH

(3.24)

we find
p —ik O
E=1 ik I 0 (8.25)
0 0 1
where
p=1+wgey/(wf - «?)
and

K=wwM/(w§— wz).

Here w,= 47yM,. Equation (3.25) is known as the
Polder tensor, and governs the propagation of electro-
magnetic waves in gyrotropic media. In this lossless
approximation the complex permeability has the form:

-
T

If damping is introduced, the complex permeability
develops a behavior more like that shown in Fig. 3.3.
The rolioff now occurs for frequencies above the reso-
nance frequency w,. In Chapter 2 we pointed out that
a small anisotropy favored a large (static) permeability.
However, if w, is proportional to the anisotropy field, a
small anisotropy means that losses will begin to occur
at a lower frequency. This relationship between pu,
and the maximum in p” is evident in Fig. 3.3. The fact
that p” does not go to zero at low frequencies in the
NiZn ferrites is due to the existence of an additional
loss mechanism, presumably associated with the hop-
ping of an electron from a divalent to a trivalent iron
site and back again.

c¢) Domain-Wall Resonance: Measurements of the
complex permeability of a ferrite by Rado et al. [1]
showed two peaks in p”. The lower frequency peak
was identified as being associated with the resonance
of a domain wall.

The point is that when a domain wall moves, the
moments precess. This may be thought of as the
result of an effective magnetic field. For example,
consider a Bloch wall in which the magnetization
rotates through an angle ® along the z axis. The
effective field is

Hey=(w/v)=(d®/dt)/y=(v/v) d®/dz.
(3.26)

The *““field” energy associated with this effective field

E.=(1/87) f H2, dz. (3.27)
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From the solution for the static wall [3]

d0/dz=\/K/A sin®(z) (3.28)
and the fact that d/dz= (1/v)d/dt we obtain
(11 2
E= (2 By VK/A ) ve. (3.29)

Because of the quadratic dependence on velocity we
may think of this as a kinetic energy with an effective
mass given by the quantity in parenthesis. If the wall is
confined to a local energy minimum in space with a
restoring force that is approximately linear in displace-
ment, then the wall will behave like a harmonic oscilla-
tor. When damping is introduced we again obtain a
permeability similar to that already discussed.

3.2 Head Materials

There are several classes of materials that have
evolved for use in magnetic heads.

3.2.1 Ferrites

MnZn and NiZn ferrites having the spinel structure
are the most widely used materials for recording heads.
They are produced by cold or hot pressing powders
obtained by ballmilling or precipitation from solution.
NiZn is more sensitive to strain, and when used in
contact recording develops a nonmagnetic layer at the
head-medium interface.

3.2.2 Al-Fe and Al-Fe-Si Alloys

Known as Alfenol and Sendust these alloys have
magnetic and electrical properties similar to the perm-
alloys but they are mechanically hard. Consequently,
they are often used as pole tips.

3.2.3 Permalloys

The general term permalloys refers to alloys of Fe
and Ni. As we mentioned in Chapter 2, the particular
composition of 78 percent Ni has very small anisotro-
py and magnetostriction. This leads to a low coercivity
and high permeability. Their low resistivity, however,
requires a laminated structure in a conventional ring
head in order to minimize eddy current losses. They
are also mechanically soft which limits their use to
noncontact applications.

3.2.4 Amorphous Co-2Zr

Due to the absence of grain boundaries, which tend
to pin magnetic domain walls, amorphous magnetic
films have very low coercivities. This makes them
candidates for head materials. It has been found that
sputtered films of CogyZr,, also have very high per-
meability and high saturation magnetization. In Table
3.1 we compare the various head materials.

INTRODUCTION TO MAGNETIC RECORDING

TABLE 3.1
Representative Head Materials
47M, G H, (Oe)

Ferrite { NiZn 3300 0.5

MnZn 5000 0.05
Permalloy 8300 0.02
Sendust 10500 0.002
Amorphous Co-Zr 14 000 0.05

3.3 The Head Field Function

As the next step in understanding the recording
process, let us consider the fields generated by the
recording ““head.” This problem was first addressed
by Westmijze [4] and Karlqvist [5]. Karlgvist consid-
ered various configurations including the presence of
a recording medium. His most widely used result,
however, is for the geometry shown as follows. Heads
in which the pole-tip lengths are large compared with
the gap are typically referred to as *‘Karlgvist” heads.
Today’s Winchester heads are a good example.

\

H=00

3.3.1 The Karlqvist Field

Since v X H=0 we may describe the field by a
scalar potential,

H=-vop

and the problem becomes a problem in potential the-
ory. The source of the fields lies in the current energiz-
ing the head. Deep in the gap the field H will be
horizontal, i.e., H=H,x. Integrating the field around
the path indicated and using Amplere’s law,

pH-di= (4w/c)5§§i~nda= (4m/c)NI. (3.30)

But since the normal component of B must be con-
tinuous at the gap interfaces and since H=B/y, the
fact that p = oo means that the field inside the head is
zero. Thus the “deep-gap” field H, is given by

H,=(47/c)NI/g.

This argument also implies H,= 47M where M is
the magnetization induced in the head. If the current
becomes too large, M will saturate and the head will
no longer respond. In practice, the corners of the gap
saturate first. Thus, for MnZn ferrite with 47M_ = 5000
G the practical limit on H, is found experimentally to
be about 2500 Oe. One way of overcoming this limita-

(3.31)

22



CHAPTER 3: THE RECORDING HEAD

———_

Gap Spacer

Fig. 3.4: Cross section of a “MIG” tape drive recording head
showing the Sendust pole tips [6].

tion is to cover the pole tips with Sendust which has a
47M = 9500 G.

Fig. 3.4 shows such a ‘““‘metal-in-gap”” or MIG com-
posite head. Such an elaborate solution emphasizes
the fact that present head materials do not possess
enough 47M_ to write on high coercivity media and
thereby achieve high recording densities.

Returning to the Karlqvist head, the potential in the
gap varies linearly across the gap:

P (x,y<0)
4 N
2
—+ %
-g/2 g/2
1N
2

Karlgvist assumed that this also described the
potential along the y=0 plane as well. Thus, we
have a potential problem in which the potential
itself is specified along the boundary. This is called a
Dirichelet boundary condition. The equation for the
potential is obtained by substituting H=— v¢ into
V-H= —47v-M giving

V% =—4mp, (3.32)
where p,_ is an effective magnetic charge
pm=—V-M. (3.33)

This is Poisson’s equation and it may be converted
into an integral equation by using Green’s theorem:

[ f(ov% - vv%) r=dflo 5% - v 3L ca
(3.34)
Writing
Y=G(r,r)
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where
v2G(r,r)=—-478(r—r) (3.35)

then
o(r)=[ [ [e(r)G(r.r)or

1 do G
+ — G(r,rr)—/——o(ry—|da’.
= a2 —g(r) 2C
(3.36)

G(r,r) is called the Green’s function for this potential
problem. For Dirichelet boundary conditions we know
@(r’). Since there is some freedom in the definition of
G(r,r), we require G(r,r’)=0 for r on the boundary.
Equation (3.36) for ¢(r’) then reduces to

o(n=[ [ [o(r)G(r.r) dr ~ ;—ngﬁw(rf)%%dac
(3.37)

In the particular case we are considering there is no
magnetic media for y > 0 so the first term on the right
vanishes. The assumed potential along the boundary
y =0 has the form

H,g/2 xX<—g/2
¢(x,0)={ — Hgx -g/2<x<g/2. (3.38)
~H,9/2  g/2<x

The problem now remains to find the Green’s func-
tion. From its definition, the Green’s function is the
potential associated with a unit point charge at r’. In
our problem everything extends to infinity in the z
direction. Thus, we must consider a line of charge at
r. The potential at r associated with such a line varies
as log|r—r’|. When r lies on the boundary this must
vanish if it is to be a Dirichelet Green’s function. This
is accomplished by adding an image line beyond the
boundary. From the geometry we can see that

(x=x)+(y-y)°

G(r,r)=log (3.39)
(x=x)*+(y =y
The normal derivative on the boundary is
oa| & (3.40)
'ly=o (x=x)"+y?
Thus
L 4y
o(x,0)=— o(x,0) —————adx’.
4 /—oo (x=x)2+y?
(3.41)

Substituting for ¢(x’,0) and carrying out this integral
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Fig. 3.5: Vertical and horizontal fields associated with a Karlgvist

head.
gives

Hg
p(x,y)=-—

(x+ g/2)tan“(L)‘?/3)

y
2 2
~Yiog (x+9g/2)"+y

D) (x—g/2)2+y2 . (3.42)

The Karlqvist fields are then given by .

Hy (X+Q/2)2+y2
W log " 5
(x—9g/2)"+y

H,(x,y)= _2

These are plotted in Fig. 3.5.

The relatively simple analytic expressions (3.43) and
(3.44) were Karlqvist’s reason for taking a linear varia-
tion of the magnetic potential across the gap. He
verified the accuracy of this solution by taking the next
_ (quadratic) term in the expansion of the potential and
found the fields (3.43) and (3.44) to be accurate to 0.5
percent for y> g/2.

Although we have used the Green’s function ap-
proach to obtain the head fields, there are a variety
of techniques available for solving such potential
problems. Both Westmijze and Karlgvist used the
Schwartz—Christoffel conformal mapping technique.
This exploits the two-dimensional nature of the prob-

Fig. 3.6: Calculation of the head field H, using the finite element
method.

lem and also assumes that the head has an infinite
permeability. Elabd [7] appears to have been the first
to apply this technique to a head of finite length.
Lindholm [8] has extended this to a three-dimensional
head of finite width by using superposition. Other
methods, such as the finite element method [9] or the
boundary element method [10] require numerical
computation but produce intuitively appealing results.
Fig. 3.6, for example, is a typical result for the horizon-
tal field component off to the side of the gap.

It is sometimes convenient to work in the small gap
limit, e.g., g — 0. Expanding the arctangent,

tan“‘(——x+g/2)=tan“(5)+lg—/—2—+
Y/ x?2+y2
(3.45)

and similarly for the logarithm. Now recalling that
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Fig. 3.7: Pole-tip head.

Hgy= (4m/c)(NI/g), we obtain

_ANI
HX(le)_ c X2+y2
—4NI X
Hy(x,y)— p XQ—“‘-}; (3.46)

which is just the field around a wire in the z direction!
This should not be surprising, for the Karlqvist fields

could also have been obtained from an equivalent

current distribution according to

j=CcvxM. (3.47)

3.3.2 Pole-Tip Heads

The horizontal configuration assumed in the
Karlgvist problem above was motivated by the fact that
most magnetic films magnetize more easily in-plane
than perpendicular to the plane simply due to demag-
netization effects. It is possible, however, to prepare
films with their easy axis perpendicular to the plane of
the film. In this case, one might consider writing on
such films with a *“pole-tip”’ head as illustrated in Fig.
3.7.

As Fig. 3.8 illustrates, the fringing fields from the
Karlgvist head could just as well have been obtained
from a magnetization in the opposite direction in the
gap. Thus, the difference between the pole-tip head
and the Karlqvist head is simply a 90° rotation of the
source of the fields! Mallinson [11] has pointed out
that in two dimensions if the magnetization is rotated
through an angle 8, then the corresponding field re-
mains constant and counterrotates through an angle
8. Let us prove this for a 90° rotation.

The magnetic charge density associated with a
magnetization

8M1x + aMW
ax ay

p(r) == M) =~ | | a0
In two dimensions, the field associated with this charge
distribution is

b= [2AEN=) g,

3.49
r—rp? (3.49)

where r=x%+ yJ.
Let us now rotate the magnetization through —90°
SO

M, =M, and M,, = — M,,. (3.50)

—

J
= Q2]

oo

RV IXVRR

~
~

Fig. 3.8: lllustration of the equivalence of currents or a ““‘magnetic
gap” in producing the fringing magnetic fields.

Hx
Hy
Fig. 3.9: Head field functions for a pole-tip head.

Auxiliary Pole

Main Pole

Fig. 3.10: Pole tips for recording on vertical media.

The current density associated with this new magneti-
zation distribution is

aMQY _ aMZx

Tx ——)2=Cp1(r)2.

j2=cv><M2=c( ay

(3.51)

The field associated with this current density is

H,(r) = B(r) = f’?—lé(?’r—lz’—) #r.  (3.52)
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(a) Cross section of finite pole-tip length head with

several equipotential lines schematically shown. (b) Assumed mag-
netic scalar potential at y = 0 is shown.

From the form of j,(r), we see that H,(r) is at right
angles to H,(r). Thus, the Karlqvist solution may be
applied to the pole-tip head as shown in Fig. 3.9.

In practice, a pole-tip head is used in conjunction
with an auxiliary pole face as shown in Fig. 3.10. The
auxiliary pole provides the magnetomotive force, while
the main pole provides the resolution. The vertical
medium may also have a soft magnetic underlayer,
such as permalloy, to provide a return flux path. How-
ever, if this underlayer is too thick it will shield the
auxiliary pole from the recording medium and the
readback signal will be reduced.

3.3.3 Spacing Loss

In the free space outside the head, the magnetic
field is given by the gradient of a scalar potential that
satisfies Laplace’s equation,

v =0. (3.53)
In two dimensions
%  d%p
Vip=—L +—. 3.54
Y= ay2 (3.54)

The Fourier transform f(k) of a function F(x) is de-
fined by

0 .

f(k)= [ e ™*F(x)ax. (3.55)
Applying this to Laplace’s equation,

2

_k2q)(k,y)+a—qJ(MlZO' (356)
ay?
Therefore

p(k,y)=o(k,0)e ¥ (3.57)

and

Hy(k.y)=H, (k,0)e (3.58)

where H, ,(k,0) is the field along the surface of the

head. This reveals the general ‘“‘spacing loss be-

havior,” of

20log,, (e~ %) =20log,, (e 2"/*) = —54.6(y/\)dB.
(3.59)

We could also directly Fourier transform the Karlqvist
solution (3.43),

sin (kg/z) e ky
kg/2 ’

This not only gives the spacing loss, but also gives the
‘‘gap loss’ factor, which we shall discuss later.

Hx(k’Y)=Hgg (360)

3.3.4 Finite Pole Tips

From this expression for the Fourier transform of the
Karlqvist field we are led to an inconsistency that
reveals an unphysical aspect of the Karlqvist solution.
At long wavelengths, i.e,, k=0, H,(0,y)= H,g. But
H (0, y) is also given by

HX(O,y)=f_ H. (x,y) dx. (3.61)
This integral may be written
f°° H, dx=H- ds - [H-as. (3.62)

The closed integral is zero since the path of integra-
tion may be closed at infinity in such a way that it is
not threaded by a current loop. The semicircular in-
tegral at infinity is also zero because the fields from
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Fig. 3.12: Horizontal field component along the pole faces of a
head with finite pole tips.
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Fig. 3.13: Winchester head showing the tapered air-bearing slider
with a ring head mounted on the back.

the current fall off as 1/r? in two dimensions. The fact
that we then obtain two different values for H, (0, y)

lies in the model of infinite pole tips and the assump-

tion that the potential is constant out to infinity.

To resolve this inconsistency we must consider a
head having pole tips of finite length p. The magnetic
potential drop across the gap is NI. If we take the
symmetry plane between the pole tips to be at zero
potential, then the pole tips are at + NI /2. The other

2000 1= Thin Film Permalloy
1000 r Conventional Ferrite (MnZn)
W
High Frequency Ferrite (NiZn)

500 \

400 =

300

Bulk Permalloy
200 -
100 | | L1 3 1111 | |
1 2 3 4 5 678910 20 30
F(MH;)

Fig. 3.14: Real part of the permeability for several head materials
as a function of frequency.

equipotential surfaces have the form shown in Fig.
3.11. Potter [12] noted that at infinity the potential (on
this side) is — NI /4. He therefore suggested an ana-
lytic form for the potential along the plane y =0 which
has the Karlqgvist form in the gap and along the pole
tip, but falls off as 1/x to — NI /4 beyond this pole tip.
Using this potential with the Green’s function (3.39)
gives the horizontal field component shown in Fig.
3.12. Notice the negative values at the back of the
head! These negative regions insure that the integral
over H,(x,0)is zero.

In tape and flexible disk drives the heads are nomi-
nally in contact with the recording medium. This pre-
sents a wear problem which is minimized by operating
at a relatively low head-to-medium velocity. In the case
of disks this means a longer time for the disk to make
half a revolution (the latency time) and a lower data
rate. In higher performance drives the head is main-
tained out of contact with the disk surface by a cush-
ion of air, which is ‘‘self-generated” by a properly
designed air bearing slider. Fig. 3.13 shows the slider,
as viewed from the disk side, of a Winchester head.

3.4 Thin-Film Heads

If we look back at Fig. 2.16 in Chapter 2 we see that
higher linear recording densities have been accompa-
nied by smaller gaps. For many years heads have
been hand-wound and assembled under a micro-
scope. As the gap lengths become smaller and smaller,
however, it becomes increasingly difficult to con-
sistently produce heads to specification. The thin-film
techniques developed by the electronics industry offer
excellent control over critical head dimensions. Fur-
thermore, the use of thin films reduces eddy current
losses and enables the use of high permeability head
media. Fig. 3.14, for example, shows the advantage in
frequency response that thin-film permalloy has over
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Fig. 3.15: Schematic of an IBM 3370.
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Fig. 3.16: H, versus / for a single turn thin-film head with g= 0.25
w and various values for p/|.

ferrite heads. Also, the finite pole tips tend to enhance
the resolution as the wings of the head field function
are pulled in to produce the effect shown in Fig. 3.12.

As a result, in 1979 IBM introduced thin-film heads
in its 3370 disk drive. Fig. 3.15 shows a diagram of a
thin-film head [14].

The pole thickness p is typically a few microns. The
gap depth | must be made small in order to maximize
H,. Fig. 3.16 shows how H, depends upon the ratio
p/l. H, saturates when the gap flux, H,lw, where w is
the track width, equals the pole layers saturation mag-
netization flux 47M_pw, i.e.,

HY® = 4aM (p/1).

Problems

1) Show that the product of a large static permeabil-
ity and the frequency at which the imaginary part of
the permeability has a maximum is a constant which
depends only on material parameters. Evaluate this
product for MnZn.

28

2) Prove that the Karlqvist fields may be written in
terms of the angles and distances defined in the figure

as

Hg(01_ 02)

X T

H = _Hglog(r1/r2) .

y T

3) Let us represent the head by a current sheet of
density K, as shown in Fig. 3.8. In this exterior region
B = H so H may be obtained from a vector potential.
A, according to H=v X A. If we restrict the field
variations to the x-y plane, the vector potential will
have only a z component. If we assume a gauge
where v-A =0, then A, will satisfy Laplace’s equation
in two dimensions. Taking our discussion of spacing
loss into account, write A,(x,y) as a Fourier cosine
expansion. Integrate

vXH=(47/c)KPd(y) (-9/2<x<g/2)

to obtain the boundary condition on dA/dy|,_,. Use
this boundary condition to evaluate the coefficients in
the cosine expansion and thereby derive the Karlqvist
head fields in terms of K.

4) Discuss what you might expect to happen to the
Karlgvist field if the gap were filled with a material
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whose permeability was zero! How might you model
this situation to calculate the field function? Hint: Fig.
3.17 shows the result of a numerical computation for
such an “eddy current” head. (Kindly provided by Dr.
D. Bloomburg of Xerox.)
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ET us now consider how the medium responds to

the writing fields from the head. This is a difficult
problem, for the magnetization of the medium also
acts as a source for an additional field, the demagneti-
zation field, which must be incorporated in the writing
process.

4.1 Concept of a Transition Length

Let us begin by considering the effect of a head field
pulse on a nearby stationary medium. Let us assume
that this medium only responds to the longitudinal
component of the head field. The contours of the field
lines for H, being constant are circles with centers
located along the y axis.

N\

Hx = constant

This is easily seen from the narrow gap expression,
(3.46), for H,, but is true for the Karlgvist expression,
(8.43), as well. Let us suppose that the medium is
initially magnetized in the “positive” direction, i.e., it
sits in the remanent state A on the hysteresis loop
below. As the head field builds up in the ‘“negative”
direction, the medium at any given point is taken down
along its hysteresis loop. Suppose at the peak of the
pulse the contour where H,=H_, has penetrated
through the medium:

Now when the head field decreases to zero the mag-
netization will return to the H= 0 axis along a minor
loop as indicated by the arrows in the figure above.
We generally approximate these minor loop segments
by straight lines parallel to the slope of the major loop
at H=0. Thus, the contour in the medium that had
reached the coercivity point will actually remagnetize
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slightly. The contour that ends up in a completely
demagnetized state had to have been driven slightly
beyond H, to a field value we refer to as the remanent
coercivity H,,. Because of the spatial variation of the
field, different points of the medium will be at different
points on the hysteresis loop. Thus, at the upper
surface of the medium, for example, we will find a
point C whose magnetization is reduced from the
remanent value, but is still in the **positive’ direction.
Point B, on the other hand, has been reversed but not
completely. Thus, there is a length over which the
transition occurs. We can estimate this length by writ-

ing

dM /dx= (dM /dH)(dH /dx). (4.1)
Assuming the slope of the hysteresis loop and the
head field gradient are constant, integrating this rela-
tion gives a transition length 2a where
a=M,/(dM /dH)(dH /dx). (4.2)

This shows the importance of a square loop and a
high field gradient in writing sharp transitions.

As the medium moves past the gap, notice that the
“writing” is occurring at the trailing edge of the pole
face.

Since the magnetization varies spatially through the
transition region, a demagnetization field will be gen-
erated. Thus, the final field at points B and C, for
example, will not be zero as implied by the minor-loop
segments in the hysteresis loop above. Only at the
center of the transition will the field be zero.

4.2 The Demagnetization Field

The demagnetization field is obtained from the
Maxwell equation

V-H=—47v-M. (4.3)

In the absence of currents v X H=0 and the field is
then derivable from a scalar potential, H= — v¢. Com-
bining this with the Maxwell equation above gives the
Poisson equation

Vip=—-47v-M (4.4)

which has the solution

o(r)= —f%f’l) *r. (4.5)



Therefore, the demagnetization field becomes

Hy(r=- [T "}’1 (_’)r(,I’; ") #r. (46)

We have already mentioned in Chapter 2 that the
demagnetizing field associated with a uniformly mag-
netized ellipsoidal sample is —47#NM inside the sam-
ple. For a sphere, the demagnetizing factor N is 1/3.
This may be obtained from the general solution, (4.6).
In spherical coordinates,

19,, 1 Jd , .
v-M= : 8r(r M,)+ —<rg 29 (SiNoM,)
- aM"’.
rsinf Jdo

(4.7)

For a uniformly magnetized sphere of radius a
M,=Mcos®b(a—r)
Mg=Msin®6b(a—r)
M,=0

(4.8)

where f§(a—r) is the theta function,

0(a—r)={(1)

Therefore, v-M= — Mcos® §(r— a). Combining this
with the spherical harmonic expansion,

r<a

o (4.9)

i

1 5w 1 L
~arY T g
lr—r momo—2l+1

Y6, 9)Y(0,9).

Only the /=1, m=0 term survives the integral, (4.5),
for o(r). The result is

(4.10)

47M

<p(r)=—3—a2(:—§)cosa (4.11)

where r_(r.) is the smaller (larger) of r and a. This
potential gives the constant demagnetizing field inside
the sphere and the familiar dipole field outside.

4.2.1 The Arctangent Transition

Suppose we had an infinitely sharp transition in the
horizontal magnetization:

yT /(x,y)

872

0y")

-8/2

Then
V-M=v-{M[O(-x)]-0(x)]} &= —-2M35(x)

(4.12)
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and the demagnetization field is

w2 8/2 xdy’'dz’
—wy2)— 52 [x2+(y_y,)2+z,2]3/2

(4.13)

Hd(xvy)x= —2M

If the trackwidth w is assumed to be the longest
dimension in the problem, then we take w — o« and
the problem becomes two-dimensional and the in-
tegral simplifies to

5/2 xdy’

Ho(x,y)x=—aM["" —"=— . (4.14)

—02x2 +(y—y’)

In the midplane of the medium, where y =0,
H,(x,0),=8Mtan " "(8/2x) (4.15)

which has its maximum value, 47M, at the discontinu-
ity (see Fig. 4.2).

The energy associated with this discontinuity can be
lowered by having the magnetization adopt a different
configuration. One such configuration is a zig-zag
wall:

The magnetic pole density is reduced because the
poles are now spread over a larger wall area. How-
ever, there will be an increase in the wall energy that
will determine the detailed shape of the wall. Evidence
for such a configuration has been seen in 300-500 A
Co films by electron holography. Electron holography
is an exciting new technique developed by Hitachi [1]
for imaging this magnetic state of thin films. This
technique is based on the wave nature of a coherent
electron beam. If such a beam is split into two paths
and subsequently recombined, the intensity may ex-
hibit interference effects if the two beams enclose
magnetic flux. This arises from gauge invariance,
which requires that the phase of an electron wave
function in the presence of a magnetic vector potential
A have a contribution of the form
Ap=—[A

(p—%f . ds. (4.16)
Therefore, the relative phase shift between two beams
is

onen= i [oxncs i o
=a(®/D,) (4.17)

where @, is the flux quantum hc/2e. In the Hitachi
implementation, the electron source is a field emission
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_ region

(a)
Magnetic lines
of stray field

(b)

Fig. 4.1: Recorded magnetization pattern on a Co film (film thick-
ness = 450 A; coercivity = 340 Oe. The bit length is 5 um. (a) Lorentz
micrograph. (b) interference micrograph. (Courtesy of Hitachi.)

tip. Part of the beam passes through the magnetic film
while the other part is unaffected. The two are over-
lapped and the interference pattern is then magnified
and recorded on film as a hologram. The hologram
must then be optically reconstructed to obtain the
interference micrograph as shown in Fig. 4.1.

Rather than deal with a complex wall configuration,
it is common to assume a simple analytic description.
The most popular is to assume that the amplitude of
the magnetization has the arctangent form,

2M
Mx(x)=——w—tan"(x/a) (4.18)
where the transition length a is taken as an adjustable
parameter. Substituting this form for M (x) into the
equation for Hy(r) and carrying out the integrals we
obtain

(8/2+y)x
x’+a®+|8/2+y|a

CHy(x,y)x=4M|tan '

1 (8/2—y)x

+tan
x’+a®+|8/2—yla

X2 +(|8/2+ y|+ a)°
X2 +(|8/2—y|+a)®

Hy(x,y),=2Min (4.19)

For calculational convenience, H,, may also be writ-

564
Hdx
Mr
48—+
40 sharp transition
S=a 38T
24 1+
arctangent
1.6 transition
0.8 1
2 4 6
} t f f t I
g 7 2
g i x/a
—+ -0.8
-6
424
—+-32
—--4.0
—--48
—+ -5.6

Fig. 4.2: Demagnetization fields associated with a discontinuous
transition and an arctangent transition.

ten

Hy(x,y)=—4M tan"iﬁiﬂ

Al —
+tan ! %—man

1a/x].
(4.20)

The value of H,,(x,0) is plotted in Fig. 4.2. The maxi-
mum value of H,(x,0) occurs at

x/a=y1+6/2a.

Notice that there is also a vertical demagnetization
field, Hy(x,y),, which is largest at the surface of the
medium. This is generally neglected because it is
assumed that the medium only responds longitudi-
nally.

It is now argued that this demagnetization field can-
not exceed the coercivity of the medium. Otherwise
the magnetization will readjust itself to lower this field.

(4.21)
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Fig. 4.3: Amplitude of the zig-zag transition region shown in Fig.
4.1 as a function of the ratio M, /H,.

Thus, the transition length is determined by equating
the maximum value of Hy(x,0), to H,. For the arctan-
gent transition this gives

a (8/4)(cscH,/8M—1) H <4aM
min = 0 H, > 4aM’
(4.22)
For thin media, where § < a,
286M
amin = H . (423)

c

It is interesting to note that if we define a transition
length in Fig. 4.1 as the amplitude of the zig-zag, this
length has the same dependence on the material
parameters as given by the simple arctangent argu-
ment (see Fig. 4.3), but the slope differs by a factor of
2. Notice, however, that the above argument is not
self-consistent since the place where the demagneti-
zation field reaches its minimum is not the point where
the magnetization is zero. Since a,,, represents the
closest approach of any two magnetic reversals, high
densities require a small value of a,,,. This tells us we
want thin media with a high coercivity and a small
remanent magnetization. Later we shall see that the
readback signal is proportional to M,8. Therefore, a
higher coercivity is a more appropriate route to higher
densities.

4.2.2 Wavelength Dependence

Another magnetization pattern for which the demag-
netization field can be readily evaluated is that of a
sinusoidal variation,

M, (x) = Msin kx (4.24)
where k=2z/\. The demagnetization field is
Hy(X,y,z=0),
__ kaff [ coski(’sx— x’) d/xz’dy’/czlz;/2 .
(=P 4 (y-yFr 2]
(4.25)
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Fig. 4.4: Demagnetization fields associated with horizontal (solid
curves) and vertical (dashed curves) sinusoidal magnetization distri-
bution.

Again, taking the trackwidth to be very large gives
* —-8/2
Hd(X’Y)x=2ka coskx’['(an‘1 (_y_//—)
w . x

_tan_1 ('y—+8_/2_)] dX/
x—x

= —2aMsinkx[2— e KV T/2 — gkty=8/2)]
(4.26)
In the midplane (y = 0) this becomes
H,(x,0) = —4xMsinkx[1— e %%/2] (4.27)
while at either surface (y =+ 8/2),
Hy(x, +68/2) = —2aMsinkx[1—- e **]. (4.28)

This behavior is plotted in Fig. 4.4.
It is also interesting to carry out this calculation for a
vertical magnetization,

M,(x)=Msinkx[-©(y—8/2)+6(y+8/2)].

(4.29)
Then
Hd(X,y,Zz())y
—(y—6/2
=Mfoo sin kx’ (;V /2) .
m (x=x)"+(y—8/2)
n y2+ 8/2 .
(x—x)’+(y+8/2)
=27Msin kx[ ekV=%/2 + gkly+8/2]
(4.30)
In the midplane,
Hy(x,0), = —4rMsin kxe™x*/2, (4.31)

While at the surfaces
Hy(x, +8/2),= —2aMsinkx[1+ e %°]. (4.32)

These are plotted as the dashed curves in Fig. 4.4.
Notice that the demagnetization field in the vertical
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case goes to zero at short wavelengths, i.e., high
recording densities. This is the origin of the interest in
vertical recording. Notice, however, that the demagne-
tization fields at the surface are the same in the high
density limit for the two configurations. Thus, any
conclusions as to the relative merits of these two
configurations must be based on a more detailed
analysis that incorporates the head fields as well.

4.3 Williams-Comstock Model

If one is willing to assume a functional form for the
magnetization then one can obtain an analytic form
for the transition length that incorporates both the
head field and the demagnetization field. Such an
approach is very useful in understanding the role of
various parameters and in comparing different record-
ing configurations. Let us consider the model intro-
duced by M. L. Williams and R. L. Comstock [2] in
1971.

4.3.1 Slope Criterion

The Williams-Comstock model makes use of the
fields we have already discussed. In the figure below
we sketch the Karlqvist field and the demagnetization
field associated with an arctangent transition.

—_—

|

|

|

|

I
e Xo

Notice that the demagnetization field is zero at the
center of the transition. The transition length is ob-
tained by assuming an arctangent transition with a
parameter a which is determined through a self-con-
sistency condition based on the following derivative
relation:

am

& (4.33)

_aM( dH, _dH,
xo_dH( ax dx)'

The factor dM /dH brings in the role of the hysteresis
loop. As the head approaches the point x,, the mag-
netization at that point moves away from its remanent
value as illustrated on the hysteresis loop. If this point
is to have zero remanence after the field is removed
then it must overshoot as discussed above to some
point / and return to zero along a minor loop path
characterized by a slope x. The slope of the major
loop at the point / is

am| M,

aH |, H,(1-8%) (4.34)
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Fig. 4.5: Definition of parameters characterizing hysteresis loop.

where S* measures the squareness of the loop as
defined in Fig. 4.5. And the value of the field at / is

_Hc Hc
= ———°.  (4.35)
1—x(1—S*)Hc/M r

cr

We have already seen that to obtain a sharp transi-
tion the head field gradient should be at maximum. Let
us assume that the current into the head has been
adjusted such that the maximum gradient also occurs
at the transition, i.e., that H, = H,. We shall investigate
what happens when this assumption is relaxed in the
next chapter. The derivative of the head field function

H -
oo (22 (2]

(4.36)
is
dHpy _ Hy 1 __
ax my 1+(x+g/2)2 (x—g/2)2
y y
(4.37)

Maximizing this derivative with respect to x gives the
distance x, where this maximum occurs. x,/g de-
pends only on y/g. However, since we require that
H,x= —H, at this value of y, H, must be adjusted at
each value of y. This suggests that we write the
maximum of the gradient as

dH,,
dx

max .y

(4.38)

where Q is a function of the head-medium spacing y.
The gradient of the demagnetizing field, for small
medium thickness, is

4M S

dH,
o (4.39)

Combining all these derivatives leads to the transition
length at /,

a_(-svy, [[A-sy[, 2Mp 2y
r TQ TQ H, Qr”
(4.40)



As the head moves away the field at / returns to zero.
This is assumed to occur along the straight line shown
in Fig. 4.5. Williams and Comstock repeat the analysis
to obtain the transition length in zero field:

(2]

Since a, > a, the transition broadens as it moves away
from the head field. Typical numbers for a metallic
disk are

a,

a,
T 2r

2mxéda,
2r )

: (4.41)

as

a,=2Mé/H,=0.094 pm
a,=0.293um
a,=0.321um.

This analytical result shows the importance of having
a sharp head field gradient (large Q), a very square
loop (S*—1), a small demagnetization field (47M, <
H.), and a thin medium in obtaining high densities.

4.3.2 Perpendicular versus In-Plane Recording

Middleton and Wright [3] have recently used the
Williams—Comstock model to compare the transition
lengths for perpendicular and in-plane recording. This
constitutes a nice example of the usefulness of this
model.

a) In-Plane Case: For the head field, Middleton and
Wright take the small gap limit of the Karlgvist head
field,

gHg y
H,, = — iyt (4.42)
The gradient is
dHg, gH,  2xy
ax (4.43)

T (x2+y2)2

which has its maximum at x=/3. If H, is again
adjusted such that H,, has the value — H,= — H_ at
the point where the gradient has its maximum, then

dH,,

o (4.44)

max
Recalling the Williams-Comstock expression, (4.33),
of dM /dx, if the hysteresis loop is very square so that
daM /dH is very large, then if dM/dx is to have a
reasonable value we must have

dH,,  dH,,

dx  dx

(4.45)

Using the demagnetization field obtained we find

o

—4M, a(a+8/2) (4.46)

where a, denotes the “longitudinal’ transition length.
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Equating the field gradients then gives

82 8M,(d+6/2)6
) =+ ———
16 V3 H,

In the limit of a thin medium this is consistent with the
Williams-Comstock result, (4.40).

b) Perpendicular Case: In the case of the perpendic-
ular media we can write with either a ring head or a
pole-tip head. Using the head field results derived in
Chapter 3 we find that the gradients are

[

2 (4.47)

a=-

dH;n9

c
~ (4.48)
X nax  2y/3y
dHES V3 H,
o ST (4.49)
max

Notice that the pole-tip head has a larger field gradient
at the point where the transition occurs.

The demagnetization field associated with a vertical
arctangent transition is

X0
av+ly0-6/2|

)

where M, < M,, depending on the coercivity. That is,
far from the transition, i.e., as |x,| becomes large, H,
goes to —4«wM,. This demagnetization field skews\the
hysteresis loop as shown below. If H_ > 4xM, then
My= M, butif H,<47M, then My=H_ /4.

Hg, = —4M, [tan“(

Xo

a,+ 1Yo +8/2] (4.50)

+tan“(

Mo

_/

He<4nM;

—

/

fiva
/

Hc>4mMy

The demagnetization field gradient is

_did_y = _8M 1 (4.51)
dx ®a,+6/2° '
Again, equating the field gradients gives the transition
lengths
, - M
amme = =0 +16V3 -2 (d+8/2)
v 2 H,
1(16/3 M, 16v3 Md
_5(———Hc —1)8+ H. (4.52)
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Fig. 4.6: Transition lengths as functions of the medium thickness

2
a(um)
1
0 1
8(um)
and M, /H,.
-8 16 M
aoe=——+ — —9(d+6/2
>t g(a+/2)
M 16My,d
=1—(E——°—1)8+ . (4.53)
2\ /3 H, V3 H,

These are compared with the longitudinal result in Fig.
4.6 as functions of the medium thickness § and the
ratio M,/ H_. Notice that in the case of writing with a
pole head on a perpendicular medium, the transition
length gets shorter as the medium gets thicker! This
arises from the fact that 47M, is always less than H,,
and therefore (4/Y3 n)(47M,/H,) <1. From this anal-
ysis we see that it is not the demagnetization fields
themselves which are important, but rather their gradi-
ents. Notice that its larger gradient makes the pole-tip
head preferable for writing on a vertical medium.

Whether perpendicular recording really possesses
inherent advantages is still a subject of great debate.
Theoretical approaches invariably involve assump-
tions open to criticism. The Middleton-Wright analy-
sis, for example, completely ignores the columnar
morphology of typical perpendicular recording media.
Experiments [4] in which a sputtered Co-Cr medium
was progressively ion-milled away and the magnetic
state studied at each step by the Bitter technique
show that a ring head writes only in a thin layer at the
surface, while a pole head with an underlayer writes
much more deeply.

4.4 Self-Consistent Calculations

Characterizing the magnetization during the writing
process by a transition length parameter is a great
oversimplification. Efforts have been made to improve
upon this, for example, by allowing the transition length
to vary with depth into the medium. However, to really
describe the writing process the microscopic nature of
the medium and its response to the total field must be
considered as the head passes over.

One of the first attempts to treat the head field and
the demagnetization field simultaneously was made by
Iwasaki and Suzuki [5]. They characterized the medium

\
\ Magnetizatio+n

1‘0 (Gauss)
]

10 |

T,
s Leo 40 }/, N/
~0 \"69/// 74
\ l)/ 72

i | 1
0 x()

I 5 10 15

972 —— Determined self consistently
Hg =20000e by Hh + Hg
----Determined by Hp alone

Fig. 4.7: Longitudinal magnetization distribution when head field is
applied to pre-erased medium.

by a nonlinear susceptibility

M=x(H)H. (4.54)

The Karlqvist head field H, was used to calculate M.
This magnetization was then used to calculate the
demagnetization field H;, and H,, + H, was then used
to recalculate M. This iteration process was carried to
convergence. Fig. 4.7 shows the results of such a
calculation. These results show that near the gap the
demagnetization field acts against the head field, while
far from the gap H, adds to H,, enlarging the written
region.

A more ab initio approach has been developed
by I. Ortenburger (now Beardsley) and R. Potter [6].
They partition the medium cross section into N
squares. Each square contains an assembly of
Stoner—Wohlfarth particles. The orientation of the axes
of these particles is described by a distribution func-
tion g(6;¢), which is chosen to produce the desired
hysteresis loop. Initially, we might consider the
Karlqvist field from the head. For a particle with an
orientation @, ¢, the asteroid construction described in
Chapter 2 is then used to determine the direction of
the particle magnetization, m(8, ¢; H). The magnetiza-
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Fig. 4.8: Computer simulation of an isolated transition being writ-
ten.

tion of the cell is then given by

M = MS/4wfo"dasin Hfozwdwg((@,qa)m(@,(p; H).

This is carried out for each cell. The demagnetization
field at the center of each cell is then calculated from

INTRODUCTION TO MAGNETIC RECORDING

the magnetization discontinuities on the four edges of
the N squares. This field is then added to the original
head field and the calculation is repeated until self-
consistency is achieved. Fig. 4.8 shows the results of a
sudden reversal in the head field upon a horizontal
medium. This model has also been applied to media
having perpendicular anisotropy [7] where it showed
that conventional ring heads were suitable for record-

ing.

Problem

The wavelength dependence of the demagnetization
field relates H, to M. But H, and M are aiso related to
the hysteresis loop. As the demagnetization field in-
creases (in the negative direction), the energy product
— MH , goes through a maximum prior to reversal. The
point at which this maximum occurs is approximately
given by

Ml-M_r
H| H,

Using this as a criterion, estimate the maximum re-
cording density that a medium with a given M, and H_
could sustain.
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HE presence of a magnetization distribution in the

medium generates ‘““demagnetization” fields which
extend beyond the medium. if these field lines can be
made to pass through a coil which is moving relative
to the medium, a voltage will be induced in the coil.
One of the first investigations of this readback voltage
was that of R. L. Wallace [1].

5.1 The Wallace Solution

Wallace assumed that the magnetization had the
longitudinal sinusoidal form we have already dis-
cussed in Chapter 4:

y

_/

Mx(x) = Msinkx

fe— (00 —>

In the present situation, however, we are interested in
the magnetic fields above the medium. The same
expression (4.6) developed for H,(x,y) applies. In
particular, the fields at a point (x, y) above the medium
are

H.(x,y)=—27Msin(kx)e *[ek®/2 —
H,(x,y)=—2aMcos(kx)e *[e /% — e~ ko/2].

(5.1)

Notice the exponential dependence on y which we
already pointed out was a general feature of Poisson’s
equation in two dimensions.

Wallace assumed that the reproduce head con-
sisted of a semiinfinite block of high permeability
material with a flat face spaced a distance d above the
recording medium. This block was assumed to be
infinitely thick so that it “‘collected” all the field lines.
(See Fig. 5.1). These lines then thread through a coil
wound around the block. The value of the induction B
inside this block is easily obtained by the method of
images and is found to be 2p /(pn +1) times the value
of Hin the absence of the block,

B(x,y)=—(2pn/(p +1))27 Msin (kx)
. e—ky(ek8/2 _ e—k8/2)_

e k/2]

(5.2)
The flux per unit width is then

o]
o, = B, dy
d+(8,/2)

=—[2u/(n+1)]278 Msin kx[(1 — e %) / k8] e~ 7.

(59)
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Fig. 5.1: Schematic illustration of *‘flux capture” by a high perme-
ability head.
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If x= vt and the width of the head is w

do/dt=—[p/(p+1)]47zwvM(1— e **)e *Icos wt.
(5.4)

For a realistic head with N turns and an efficiency of
1, the voltage across the coil is
V(t)=Nndd, /dt. (5.5)
This result reveals a number of features that are char-
acteristic of magnetic recording. First of all there is the
spacing loss:
20log,,e ““=—-54.6(d/\)dB (5.6)
which we noted before. Wallace confirmed this behav-
ior experimentally by inserting spacers between a ring
head and a rotating magnetic disk during readback.
The writing was done in contact. His data are shown
in Fig. 5.2. Another feature to note is the thickness
dependence of the output voltage:

[1-e X =ké=278/A=8w/v. (5.7)

This corresponds to an increase with frequency of

20log,,2 =6 dB/octave.

5.2 Reciprocity Theorem

The Wallace solution is a special case of a more
general and powerful approach to computing the volt-

9 age associated with a moving magnetic medium which
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we shall now describe. Consider the two situations
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—_————

H=-VW¥

INTRODUCTION TO MAGNETIC RECORDING

Spacing Loss
in Decibels 35

30

Spacing Loss
=55d/Adb

25
20
15
10

5

L L I Ll 1 L I I
0.1 02 03 04 05 06 07 08 09 1

[¢]

Spacing in Wavelengths d/A
(b)
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In the region near the pole tips we take ¢(r) to be
+1/2 at one tip and —1 /2 at the other tip. Notice that
we are dealing with a normalized potential. Thus, H,
will also be normalized to H,g. As we move along the
surface towards the driving coils these potentials will
change. However, we shall assume that when this
starts to happen the fields H(r,t) crossing the surface
at this point are zero. Then, since H(r,t)=B(r,t) on
this external surface, the integral (5.9) just represents
the flux entering the head, ®.

Now consider the right-hand side of (5.8). Since the
region in which Hy(r) is defined contains no magneti-
zation,

vZp(r)=0 (5.10)

while

Case (a) represents the head field problem we solved
in Chapter 3, the Karlqvist field. In case (b) the high
permeability head draws in the fringe fields associated
with the recorded medium and introduces a flux in the
head. The surface S defines the space exterior to the
magnetic heads in both cases. Green’s theorem, which
we met in Chapter 3, states:

(o (r)au/an(r.t)=y(r.t)d9(r)/on) da

= [ [ [le(n)v2(r.0=y(r.)v%(n)] &°r.
(5.8)

This is true for any functions ¢ and ¢ and is what
enables us to relate the solutions of the two cases
illustrated above. The functions we have chosen above
have the features that ¢(r,t)=0 on S while ¢(r) is
nonzero due to the magnetomotive force as we dis-
cussed in deriving the Karlqvist field. Therefore, the
left side of (5.8) becomes ‘

#q>(r)axp(rt)/8nda=#¢>(r)H(r,t)~ﬁda. (5.9)

VA =—47v-M(r,t) (5.11)

where M(r,t) is the magnetization of the medium.
Integrating this nonzero term by parts,

4wfffq)(r)-V-M(r,t) d3r=47rfffHo~M(r,t) dr
(5.12)

which finally gives the result

o= 4wf[/HO(r).M(r, t) &r. (5.13)

Thus, the flux is a convolution of the normalized head
field function with the magnetization in the medium!

Wallace’s solution follows immediately. We write the
magnetization in the form

d<y<d+3.
(5.14)

M(r,t) = Msin(kx — wt) X
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We also recall that the normalized Karlqvist head field
function in the limit of a small gap is [see (3.46)]

Ho(x,y) = (1/m)y/(x*+y?). (5.15)

Since

/

oo}

dx [sin(kx— wt)] /(X2 + y?) = (m/y)sinwte™
o0
(5.16)
we then have
®=2wMAe “[1— e M]sinwt.  (5.17)
Taking the time derivative, and recalling that we are
assuming a high permeability head, gives (5.4).
For future purposes it is convenient to express the

reciprocity theorem in terms of Fourier components.
Writing vt = x’ we have

®(x) = 47 [H(X)M(x—x') dx’.  (5.18)
The Fourier transform is
o(k) = [~ ®(x)e™*ax

= 4vrffH(x’)M(x— x’)e ™ dxdx’. (5.19)

Inserting e*“e~ k¥ on the right gives

® (k) = 47H(K)M(K).
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Fig. 5.3: Response curve of two heads showing gap null behavior.
The ferrite head curve has been shifted up to compensate for
differences in track width, turns, and core efficiency. The data were
taken on Isomax tape (H,= 760 Oe, B,=1600 G) at 7.5 in/s.

gives

1

o= wfowdyf:dxwg
-[tan‘1(—x+g/2)—tan"(————xﬂg/2)]
y y

-Mcos (kx— wt)d8(y)

g/2

- W‘/— 9/2

sinkg/2
kg/2

-g’—cos(kx— wt) dx

= Mw coswt. (5.22)

(5.20) we already obtained this result when we Fourier

transformed the Karlqvist head function. The factor

H(k) is sometimes referred to as the spectral response sin(kg,/2)/(kg/2) is illustrated in the following figure:

of the head.

5.3 Gap Loss

As we continue to decrease the length of the mag-
netized segments, the associated flux lines will begin
to close in the head gap and not “flow” through the
head circuit:

A
ANSE/ANS)

This leads to a loss of signal. To estimate this effect let
us consider a sheet of sinusoidal magnetization in
contact with the head:

M, (x,y) = Mcos(kx-wt)8(y). (5.21)

Using the Karlqvist field in the reciprocity theorem this

41

sinkg/2
kg/2

More accurate treatment of the head field function
using the conforming mapping techniques mentioned
in Chapter 3 shows that the first gap null actually
occurs at kg/2 = 0.88 #. These ‘‘gap resonances’ are
a familiar feature of spectral response curves which
plot the rms signal as a function of frequency. The gap
loss envelope decreases as 1/k~1/w. Therefore, the
signal decreases 6 dB /octave.

Fig. 5.3 shows this gap null behavior. The Sendust
pole-tip head, although having the same nominal gap,
does not show a gap null. This is due to the presence
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Fig. 5.4: Response curve for a pole-tip head on a vertically ori-
ented flexible disk.

of scratches in the pole faces which give a gap length
variation that washes out the gap null.

In Chapter 4 we showed that a pole-tip head is
preferable for writing on vertical media because of its
large field gradient. However, in readback these heads
exhibit gap nulls associated with the width ¢, of the
main pole tip. Fig. 5.4 shows such gap nulls.

5.4 Pulse Recording

5.4.1 Pulse Width

Let us now consider the readback voltage arising
from an arctangent transition. The magnetization
M(r, t) entering the reciprocity theorem may be written

L 1&\N

Therefore, the voltage is given by

Ux') = 4«ernvwff[ IM(x—x’,y)/dx'|H(x,y) dxdy.
(5.23)
For an arctangent transition )
M(x—x',y)=—(2M, /= )tan"'[(x— x’) /a].
(5.24)

Taking the derivative and carrying out the integration
gives the result

Vi(x") = 8NqvwM, [ f(x')+ F( = x')]

(5.25)
4
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where
~_ [d+atx 4(X+g/2\ (d+a
f(x)_( g )tan (d+a+x (g
(X +g/2
tan ( d+a )
1 7
+-23(x+g/2)
2 2
’ +(d+a+
Jog KHg/A H(drak X g g

(x'+9g/2)°+(d+ a)®

Since the head field function also has a vertical com-
ponent, any vertical component of the magnetization
will also give rise to a voltage

V,(x’) =8NqwvM, [h(x)—h(-x")]  (5.27)
where
h(x')=(ngzaTM)log[(x’+g/2)2+(d+a+8)2]
_(d2+ga)log[(x’+g/2)2+(d+a)2]
'+g/2 (X +g/2
<228

5/ (5.28)

_tan1(x_’igﬁ)]_
These voltages are sketched in Fig. 5.5. Note that the
spacing d and the transition length a always appear
additively in this model and therefore their roles can-
not be separately distinguished.
An important measure of this readback is the pulse
width, PW;,. For simplicity let us consider the thin
medium limit. If 6 is small compared with d or a, then

L0 x+9/2 )
f(x) - 5 tan ( S (5.29)
Then using the identify

tan (a+ ) = Sanattang (5.30)

1—tanatanp

we readily find that V(x) falls to 50 percent of its peak

value at
PW,, =\ g% +4(d+a)’.

When the medium thickness is not small this should
be replaced by

PW,,=/g?+4(d+a)(d+a+8). (5.31)

This shows the relation between the gap width, the
medium thickness, the flying height, and the transition

length in determining the pulse width.
2



CHAPTER 5: THE READBACK VOLTAGE

V(x')/V(0)

Vx

@lx

Fig. 5.5: Output voltages arising from horizontal and vertical com-
ponents of the magnetization.

The role of these characteristic lengths may also be
seen by considering the Fourier version of the re-
ciprocity theorem,

®(k)=4rH(K)M(k). (5.32)

The Fourier transform of the head field function was
given in (3.60)

Hggsinkg/2

—ky
kg2 e . (5.33)

H,(k.y)=

The Fourier transform of an arctangent magnetization

M(x)=(2M /7 )tan"'(x/a) (5.34)
is not straightforward since the integral of tan~'x/a|
over the interval (—o0,0) is not convergent. If we
write

tan~'(x/a) =n/2—tan""(a/x) (5.35)

then

M(k) = ime 3/ k + 725(k). (5.36)
Since the voltage is proportional to the rate of change
of flux this introduces a factor of k which eliminates
the 1/k divergence in the first term and eliminates the
delta function completely.

Since M does not depend upon y (in this approxi-
mation), the integral over y converts e %" into e~ *9(1
— e %) /k. Thus, ®(k) is the product of

writing process loss e ka/k

thickness loss (1—e %) /k.
spacing loss e K

gap loss (sinkg/2)/(kg/2).

Notice that even if the recorded transition is very
sharp, i.e., a very small transition length, the output

pulse still has a finite width. In the sketches which
follow we illustrate how the readback signal varies
with the thickness, 8.

Vx

7r|ll]’l[l
- dta .
2

8/g = 0.05

5.4.2 Intersymbol Interference

Since the readback process is linear, the output
from a sequence of transitions will be a superposition
of their individual amplitudes. Two sequential transi-
tions will always have opposite signs. Let us consider
the output from an assumed square wave magnetiza-
tion distribution. This corresponds to a sequence of
infinitely sharp transitions. When these are differenti-
ated to obtain the voltage they give a sequence of
alternately positive and negative delta functions. When
these are convolved with the head field function we
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KFRPI
Fig. 5.6: Spectral density function.

obtain a sequence of pulses each having the shape of
the head field function:

At low pulse densities the peak voltage will be con-
stant. However, when the pulses begin to overlap
there will be a decrease in the peak amplitude and an
outward shift in their positions. This latter is referred
to as peak, or bit, shift. The behavior of the peak
voltage is shown in Fig. 5.6. The point where this peak
voltage has fallen to 50 percent is denoted Dg,. The
rms spectrum is also shown. This resembles the
Wallace curve because the act of taking the mean is
effectively taking the Fourier transform at the funda-
mental wavelength. In particular, suppose we decom-
pose the signal into Fourier components,

V( t) — Z Vneinwt'

n

(5.37)

Then

vt =Y v,,lT fo "W(t)etdt (5.38)

where T=27/w. Since the largest of the coefficients
will be that associated with the fundamental, i.e., n=1,
then

V(t)? = V2.

The “proof of the pudding” in playback amplitude is
in the spectral density function, as it were. One can

(5.39)

INTRODUCTION TO MAGNETIC RECORDING

argue about the relative merits of plated media or
- perpendicular recording, but the final analysis lies in
the spectral density function. In Fig. 5.7 we show the
performances of various perpendicular recording con-
figurations together with an in-plane metallic film.

5.5 Current Optimization

In the Williams—-Comstock approach discussed ear-
lier we assumed that the head field was adjusted such
that the maximum in the head field gradient occurred
where the head field itself was equal to the coercivity.
It is interesting to consider how the output does vary
as a function of the head field H,, or, equivalently, the
input current.

The longitudinal head field function is

H _
Hpx= f[tan“(ﬁyi@)—tan"(i—f/—z)}.
(5.40)

The center of the transition occurs when H, = - H,=
— H_, as discussed in the Williams-Comstock model.
For a reasonably square loop H_, = H_. The gradient
of the head field function is

H 2

_9
Ty

2

Y _
(x+9/2)°+y?

y
(x—g/2)°+y?
(5.41)

dHp,

dx

If H,=-H_ then one of the coordinates may be
eliminated. If we eliminate x then

H
sin® (

e _ g
ax Ty
H, must be at least as large as H,, and probably more
like 2H.. As H,/H,_ increases beyond 2 the head field
gradient goes through a maximum near 2.7. The center
of the transition also moves further from the gap edge
as illustrated in Fig. 5.8.
If we again take an arctangent transition,

mH,

Hq

(5.42)

M= (2M,/7)tan(x’/a) (5.43)
then at the center of the transition
aM /dx'|,-o=2M,/7a. (5.44)

The demagnetization field is given by (4.19). The
gradient of this field at the top surface of the medium
(y =68/2) and at the center of the transition is

dH, aM,5

dx’ " a(a+o) (5.45)

xX'=0
y=8/2
Using the Williams-Comstock squareness parameter
S*,
am M
—_—=— 5.46
dH — H,(1- %) (5:46)
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Fig. 5.7: Spectral density curves for the media indicated in the
insert. All the data have been referenced to 0 dB=1 nv/turn/
mil/in/s. Curve (a) is from Hitachi (J. Appl. Phys., vol. 53, p. 2588,
1982); curves (b), (c), and (e) are from Fujitsu (Proc. 1982 Sendai
Conf. Perp. Magn. Rec., p. 177, 1982); curve (d) is from Ampex
(IEEE Trans. Magn., vol. MAG-19, p. 1605, 1983); curve (f) is from
lwasaki’s group (/IEEE Trans. Magn., vol. MAG-20, p. 105, 1984).
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Fig. 5.8: Longitudinal field intensity at some point above the gap
as a function of the deep-gap field.

¥

‘Substituting these expressions into the slope criterion,

dM dM[(dH, dH,
ax dH( dx T dx ) (5.47)
leads to the expression for the transition length
2d(1—- S*
a,= —(———) (5.48)
Hg -2 77'Hc
—=sin®| ——
H, H,

The reciprocal dependence on the head field gradient
means that the transition !ength will have a minimum
when this gradient is a maximum. A sharper transition
means a larger output voltage. Fig. 5.9 shows this
output maximum as a function of the input current [2].

Fig. 5.9: Output pulse amplitude as a function of record current for
different record frequencies. Data [2] were taken on a tape system
with M, =90 G, H,=250 Oe, § =10 pm.

Another mechanism that can lead to a maximum in
the output signal as a function of the recording cur-
rent is the so-called ‘“‘snowshoe” effect. This corre-
sponds to an overwriting of the just-written medium.
This is illustrated in the insert of Fig. 5.10. As this
figure also shows, the maximum signal can be in-
creased by going to a smaller gap.

5.6 AC Bias Recording [3]

When one is recording analog information, such as
an audio signal, it is important to have a medium that
responds linearily to the record signal. This is accom-
plished in tape recording by a process known as
anhysteresis.

The anhysteretic magnetization is the magnetization
developed by the simultaneous application of a dc
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Fig. 5.10: Maximum recording signal as a function of the head gap for various recording densities.

field and a large high-frequency bias field whose am-
plitude is gradually reduced to zero. In the modified
anhysteretic process, the dc signal is not constant
during the process but decreases at the same rate as
the high-frequency field. Therefore, if the initial dc
value is H2 and the initial ac value is H2;, then when
the ac value reaches the coercivity H_, the dc field H,
will be (H,/H2)H?. This is illustrated in Fig. 5.11(a).

The initial ac field must exceed the coercivity. The
resulting anhysteretic magnetization is single-valued
and remains linear up to about 40 percent of the
saturation value. If the value of the signal field is H,,
then

M= xH, (5.49)

where x is the anhysteretic susceptibility. Let y,, be
the depth into the tape where H,.= H_. At y,,, H, has
the value H,. The flux per unit track width in the tape
is then given by

®=47Hy,.x. (5.50)
From the Karlqvist field expression
Ym=(g/2)cot|[(7H.)/(2HE)]  (5.51)

where HY_ is the deep gap bias field. Suppose we
increase the bias current. Then HY, increases, which

causes y,, to increase, thereby increasing the flux.
When the H_, = H_ contour reaches the back side of
the tape, y,, becomes fixed at § while H, decreases as
1/HS,. Therefore, ® now decreases with increasing
bias:

o I | T | [ ]
d/g=4
5 ]
z
> 10— —
=
2
w 2
w -15 —
1
0 50.75
04
—20 — 0.3 —]
0.2
0.1
-25 L L | | |
0 5 10 15 20 25 30

BIAS LEVEL HZ /H_ (db)

Experimentally, the overbias behavior is much stronger
than that shown above. Bertram has shown that better
agreement is obtained if one includes the vertical
component of the recording field.
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Fig. 5.11: (a) Time dependence of the total anhysterizing field,

Hye + Hae. (b) Anhysteretic remanent magnetization and initial rema-
nent magnetization as a function of dc field.

5.7 Magnetoresistive Readback

The ring and single-pole heads we have been dis-
cussing all rely on Faraday’s law: the output voltage is
proportional to rate of change of magnetic flux linking
the head. As the recording media and track widths
become smaller, and as we move to smaller diameter
disks, these induction signals become weaker. Al-
though we might consider increasing the relative
velocity between head and medium, this is not practi-
cal at high bit densities. A more promising approach
for detection lies in the magnetoresistive effect.

Magnetoresistive sensors were first suggested for
magnetic recording readout by Hunt [4]. Shortly there-
after they were employed in magnetic bubble sensing.

5.7.1 Magnetoresistivity

Generally, when we speak of magnetoresistance we
mean the increase in the resistance of a metal or
semiconductor when placed in a magnetic field. In the

“standard” geometry, the field is transverse to the
current and Ap/p ~ H2.

In a magnetic material this magnetoresistance is
anisotropic, depending upon the direction of M. The
origin of this anisotropy lies in spin-dependent scatter-
ing [5].

To see how the resistance depends upon an applied
field, let us consider a film of permalloy which has
been deposited in a field so as to give it an easy axis:

RECORDED MEDIUM

The anisotropy energy density may then be written
E,=K(sin%f) (5.52)

where § is the angle the magnetization makes with this
easy axis. If an external field H, is applied perpendicu-
lar to this axis then the Zeeman energy is

E,=—M,H,siné. (5.53)
Minimizing the total energy,
sinf=H,/(2K/M,).

Suppose current now flows along the easy axis. This
may be resolved into components parallel and per-
pendicular to the magnetization:

EASY AXIS

Since the resistivities associated with these directions
are different, the electric field components are

Eyv=pu
EL=p.J.. (5.54)
Therefore, the electric field that is measured is

&,=8&,c0os0+¢&, sind

=p,jcos?0+p  jsin?d (5.55)
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Fig. 5.13: Sequence of domain patterns as a small MR element is
magnetized perpendicular to its easy axis.

and the resistivity becomes

H 2
P=po+ Apmax — Apmax( 2K/0M ) (5.56)

where p,=p, and Ap,.x=pP ., —P,-

Fig. 5.12 shows the actual resistance of a permalloy
film as a function of field. In the low field region the
curve has the parabolic form predicted above. The
wings at high fields are associated with demagnetiza-
tion effects.

More interesting are the jumps observed on the
curves. These have been identified as being associ-
ated with domain walls and are referred to as
Barkhausen jumps. Figure 5.13 shows the magnetiza-
tion at zero field after having been magnetized in the
“up’ direction.

There are domains separated by Néel walls which
have an ‘““‘up’” sense. As the field is increased in the
“down’’ direction these “N* " walls eventually trans-
form into segments of ‘N~ walls bounded by a Block
point and a crosstie. These wall singularities then
propagate away from one another converting the en-
tire wall into N~. The noise associated with these wall
processes is eliminated by biasing the MR sensor with
a longitudinal field sufficient to remove the domain
structure [6].
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Fig. 5.14: Cross section of a shielded magnetoresistive head [7].

5.7.2 Analysis

In order to improve the resolution of the MR sensor,
it is usually shielded from the approaching transition
as shown in Fig. 5.14.

In order to analyze the response of this MR sensor
we shall use the reciprocity theorem to calculate the
flux in the element. To determine the field let us
imagine a coil wrapped around the MR element. In the
absence of the shields this would correspond to a
pole-tip head and we would just use the rotated
Karlqvist field as shown in Fig. 5.11. In the presence of
the shields the magnetic potential along the face of
the head has the form indicated in Fig. 5.14. This is
just the sum of two Karlqgvist potentials with opposite
signs, one centered at x=—(g+t)/2 and one at x=
(g+ t)/2. Therefore, the field will be

H (x,y)=Hp (x+(g+1)/2,y)—H,(x—(g+1)/2,y).
(5.57)

When this result is used in the reciprocity relation the
voltage will be the difference of two Wallace-like ex-
pressions. Since the voltage is the time rate of change
of the flux, we can integrate the voltage to obtain the
flux,

o(x)=(1/v) [ [Vx+(g+1)/2)

~VUx —(g+t)/2)] dx’ (5.58)

where x = vt.

In practice, an MR sensor is also biased with a
transverse field H, such that § = 7/4 where the re-
sponse is linear. Thus

[Ho/(2K/M)]* = [Ho /(2K /M,)]?
+(2H,AH) /(2K /M ,)?

=1/2+AH/H,. (5.59)

Since H, induces the transverse magnetization M =
M,/v2, and since M, > H,,

AH/Hy=[V2®(X)] /(4zM tw).  (5.60)
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Therefore

P =po+(1/2) Apmax — V2 Appay (B(X) /(47M tw).

(5.61)

Here ®(X) is the flux entering the sensor and p is the
resistivity along this face. As one moves up the sensor
element the flux leaks out of the element into the
shields. If the height of the element is of the order of
this characteristic ““decay’’ length then the average
flux is ® /2. The voltage across the element is then

V=—[jApma®(X)] /[V247M t].  (5.62)

Typical numbers for permalloy give a peak-to-peak
amplitude of the order of 90 uV /um track width. This is
about ten times that of an inductive head and is the
reason that such sensors are being developed for
recording.

Problems

1) A current distribution J(x) exists in a medium of
unit permeability adjacent to a semiinfinite slab of
material having permeability p and filling the half-
space, z> 0.

a) Show that for z < 0 the magnetic induction can
be calculated by replacing the medium of permeability
p by an image current distribution J* with compo-

nents:

(B )y 20 (B3 42

(e _
(M+1)J2(nyr Z)
b) Show that for z> 0 the magnetic induction
appears to be due to a current distribution
2
(u+1)J
in a medium of unit permeability.

2) Use the reciprocity theorem to calculate the volt-
age from an infinitely sharp vertical transition using a
ring head.

3) Within the context of the reciprocity theorem,
discuss the implications of a head field function such
as that shown in Fig. 3.13.

4) Calculate the voltage from an unshielded MR
head.
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6.1 Introduction

UR previous discussions have emphasized the

importance of the head-to-medium spacing. In
tape recorders, the tape runs in contact with the head,
which is contoured to enhance this effect. Tape veloc-
ities range from 20 in/s for cartridges, to 200 in/s for
large tape drives.

The standard flexible disk drive also employs con-
tact recording. The head is in the shape of a button,
and pushes the medium onto a pressure pad on the
back side. Again, typical linear velocities are in the
range of 100 in/s.

The time it takes a disk to make half a revolution is
the “latency,” which is an important component of the
access time. To achieve shorter access time, one
would like to rotate the disk at a higher rotational
speed. However, at higher speeds, wear, both of heads
and media, becomes more severe. The answer is to
operate the head slightly out of contact with the disk.
This is not as easy as it appears, for spinning disks
have a certain amount of runout, or wobble. The head
must follow this runout, or the resulting variations in
spacing will produce large variations in the signal. The
solution, which was, in fact, employed in the first disk
drive, the RAMAG, is to use an air bearing.

In an air bearing, a pressure between the head and
the medium maintains a constant separation against a
load applied to the head. In the RAMAC, air was
forced into the interface region. As Fig. 1.2 shows,
hydrodynamic, or self-acting, air bearings were soon
adopted. In such bearings, the air flow associated with
the relative velocity between the two surfaces is suffi-
cient to produce the bearing action. A good deal of
research on air bearings was carried out at IBM and
culminated in the excellent book by Gross [1]. In the
Winchester-type drives, the head loading is small
enough that they start and stop in contact with the
disk. Previous designs required that the heads be
retracted from the disk until the operating velocity was
established.

We often speak of heads as “‘flying”’ above the disk.
However, the physics of the air bearing is very differ-
ent from that governing the performance of a 747.
Most papers in air bearings today begin with Reynolds
equation. In particular, most of the efforts today in-
volve improved solutions to more complex geometries.
In keeping with our emphasis on the physics, we shall
look into the derivation of the Reynolds equation in
order to understand its limitations and discuss a few
simple examples.
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6.2 Definitions

Let us begin by introducing a few definitions and
concepts. Imagine a differential volume element of the
material. When this material is deformed, this volume
element is distorted:

o

L

The point P moves to P’, the difference being de-
scribed by the functions (&, 7,$). Strain is defined by
the derivatives

8¢
CXX=§ (61)
e 1,09 9n
exy—cyx—1/2( 8y+ E)X) etc.

Notice that the strain is a tensor.

The fractional change in volume of this differential
unit is called the dilation ©, and can be shown to be
equal to the trace of the strain tensor

AV'— AV

0=

=€, e, e, (6.2)
An incompressible fluid is one for which © = 0. Notice
that since the velocity of the point P is
_ 98
v, = It etc.

then v-v=9006/0t. Thus, v-v=0 for an incom-
pressible fluid. If the fluid is also homogeneous, then
the density will be constant in time and space.

Even if a fluid is compressible, mass must still be
conserved. Thus, the mass moving across a surface S

in time At,

fpv- dSAt

51which, for a differential element, is v-(pv)AVAt, and



must equal the change of mass inside,

dpAV
T At.
Therefore,
d
a—’;+v-(pv)=o. (6.3)
Expanding the divergence enables us to write
dp
— =—pV: 4
g = PV (6.4)
where the total, or “material”’ derivative is defined by
d 4
E—E-FV'V. (65)

Equation (6.4) is just the equation of continuity. We
shall use this definition of a material derivative in
setting up the dynamics of fluid flow. It accounts for
the fact that a quantity may change with time, either
intrinsically, d/dt, or by virtue of the fact that it may
move, with a velocity v, to a new position, where its
value is different. The latter is particularly important in
the case of fluids.

In solids, we speak of stress, o;, or force per unit
area, which is related to strain by Hooke’s law:

0= 2pe; + \OJ; (6.6)
where the coefficients © and A are coefficients of
elasticity (or Lamé’s moduli). For a fluid, one talks of
the pressure p;, which is a negative stress, but has the
same dimensions of the force per unit area.

If we imagine a fluid in which the velocity, say v,,
increases in the z direction,

there will be a shearing force on any surface S. That
is, the medium above S will feel a drag from the
medium below it, and vice versa. Newton suggested
that this viscous pressure be proportional to the rate
of change of the velocity, i.e.,

v,
Pox=—p 9z

From our definition of strain, this may also be written
pi=

where the dot denotes d/dt. From this stress-strain
relation for a solid, (6.6), this may be generalized to a

—2p¢
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compressible fluid, according to

p;=—2pé; — AO§; (6.7)
where p and A are now coefficients of viscosity. The
coefficient u is sometimes referred to as the shear or
laminar viscosity. The bulk viscosity A is generally set
equal to —2u /3 on the basis of a gas-kinetic argu-
ment, which is only valid for monatomic gases. In what
follows, we shall adopt this approximation, although
we are not aware of any justification of its application
to the diatomic constituents of air. As long as v-v is
small this is not serious. In addition to this viscous
pressure, there will be the usual scalar pressure p
associated with the external force when the fluid is at
rest.

6.3 The Navier-Stokes Equation

We now have the definitions and concepts to write
the equation of motion for a fluid. Let us begin by,
considering a static situation. Under the influence of
an external force (per unit volume), the equilibrium
condition for an elastic solid in terms of its stresses is

F=Divo

where the use of a capital “D’ in Div stands for
‘““vector” divergence, which converts a tensor to a
vector according to

F = 80xx _ aO'yX 802X
x dx ay dz
The analogous relation for a fluid is
F=Divp.

Using Newton’s assumption, (6.7), the x component,
for example, becomes

apZX

9Py
+ 0z

ap
T 9x

P, N
ay ax
9

ap
2 -
AT >\)¢9x( v) ax’

F

X

To include dynamical effects, the inertial force term,
— pdv/dt, must be added to F. Here, d/dt is the
material derivative we introduced above. The result is
the Navier—Stokes equation,

0
o +p(V-9)V=uv2v= (s + N V(V-¥)+Vp=F.

(6.8)

6.4 Lubricating Film

When applied to the case of a self-acting bearing,
the Navier—Stokes equation simplifies a great deal. Let
us consider the following slider bearing geometry:
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The lower surface is moving with a velocity U. If the
mean free path A of the molecules of the fluid is short
compared with the length h, then the fluid next to the
moving surface will be in equilibrium with this surface,
and will be dragged along with the same velocity. This
ratio, A /h, is called the Knudsen number K. When
0.1<K <10, the fluid exhibits “slip,” i.e., the fluid
velocity at the moving surface begins to slip below
that of the surface. For air molecules at room tempera-
ture and atmospheric pressure, A ~ 2.5 pin. Thus, the
air bearings in present-day Winchester drives are al-
ready entering the slip regime. As we move away from

this surface, the velocity decreases, eventually becom- -

ing zero at the surface of the slider. Our objective is to
determine the velocity profiles and the resulting pres-
sure.

To simplify the Navier-Stokes equation, we shall
use a scaling argument. The coordinates scale as the
characteristic dimensions:

x=0(B), y=0(L), z=0(h).
The horizontal velocities scale as U, i.e.,
v, = 0(U), v,=0(U).

The characteristic time is B/U. Therefore, if the con-
tinuity equation (6.4) is to remain invariant under these
scale changes, we must have

)

hU
2z B vz—O(—).

B

These scaling relations are now used in the
Navier-Stokes equation. The x-component equation,
with the order of magnitude of each term indicated
below that term, is

a
V"+(v 9 + vi + é))v

at T\ "ax T Wy T Vegz %

V2 W W2 v
o(5) o[5) o5 o5
_p[ 3Py, N 9%v, 9%v,

Pl dx? ay? 0z2

s bolw) tol)

Zol =] Eol=| Eol=

P (82 P\ B? po h?

pod (v Iy, v\ 14p
— —— — — + —_ —_—— =
3p dx\ dx ay dz +p X 0

X
Eo _‘i) ﬁo(ﬂ) Eo(}i).
p\B2) p \B?) p \B?
The ratio of the inertial term, v, dv, /dx, to the viscous
term (p/p)d?v, /d2% is

inertial _ pBU h?
viscous p B2
The combination pBU/p is called the Reynolds num-

ber R, and Rh?/B? the modified Reynolds number R*.
For a practical bearing, with breadth and length of
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order unity, we have U~103%, h~10 % and p/p~10"2
Therefore, R*~10"2 and the pressure gradient is
governed largely by the viscous term, 0(107).

In the z-component equation, both the inertial and
incompressible viscous terms are reduced by h/B,
while the compressible viscous terms are increased by
B/ h. However, the result is still an order of magnitude
less than that for horizontal terms. The Navier-Stokes
equation therefore reduces to

p_ v

ax—‘uaz2

ap aQVy

— = 6.9
ap_
0z

From this latter relation, the pressure gradient in the z
direction may be neglected, and p = p(x, y).

It is important to note that the scaling argument
used in obtaining the equations of (6.9) breaks down
when the amplitude of the surface roughness becomes
comparable with the clearance h. This occurs for
flying heights less than 10 pin.

In the opposite limit, when R* — oo, the pressure
is governed by the inertial terms, and we obtain
Bernoulli’s equation, which provides the lift for the 747
mentioned above.

The equations of (6.9) may be integrated with the
boundary conditions v (x,y,0)=U, v(x,y, h)=0,
v(X,¥,0)=0, v(x,y,h)=0, v(x,y,0)=0, and
v,(x,y, h)=0, to give
— [U— M]“ —

2p

z/h)

X

(6.10)

y

[hia—pgi—yﬁ]h—z/h).

The next step is to integrate the continuity equation
(6.4) across the thickness of the bearing:

Jaton) == [ g ow)+ o5 (o) + 5 |z

From the boundary conditions on v,, the left side
vanishes. Interchanging the integration and differenti-
ation, and using (6.10), gives

0 (ph® dp), 3 (ph* dp
ax\ p dx dy\ p dy

d d
—65;(pUh)+12'a—t(ph). ‘

When a fluid is compressed, work is done, which
could result in a change in the temperature of the
fluid. However, the thermal conductivity of the gas film
is sufficient to “‘short circuit” the temperature profile
generated by the adiabatic compression giving an
isothermal situation. This enables us to relate the
density to the pressure, in particular, p/p is a con-



stant. This gives the isothermal Reynolds equation

o (h% ), o (K dp
ax\ p dx| dy\ p 9y

ad d
=6U3;(ph)+12m(ph).
(6.11)

For incompressible fluids, the density is constant, and
we obtain the incompressible Reynolds equation
a(h3§_g)+a(h_3gg) dh dh

ax —[.L—ax W W dy =6U~3—;+12W'

(6.12)

Let us recall the approximations that went into these
equations:

® the fluid is Newtonian, i.e., it satisfies (6.7);

® we neglected inertial contributions;

e we assumed no-slip boundary conditions;

* we assumed isothermal (or incompressible) flow.
In spite of these approximations, the Reynolds equa-
tion is still very complex:

® the powers of h and p mean that the forces are a
nonlinear function of the geometry;

¢ this nonlinearity also means that the response
function of the film is a complicated function of
frequency;

e for a compressible fluid, it takes the pressure a
finite time to respond to a change in geometry.
Typically, this time is of the order of the time it
takes the surface to move a distance 2B.

A great deal of effort has gone into developing numeri-
cal methods for solving the Reynolds equation, includ-
ing effects such as slip and surface roughness. We
shall not go into these techniques, but refer to the
reader to Gross’ book [1].

6.5 Plane Slider Bearing

As the simplest example of an air bearing, let us
consider a plane slider of infinite length. Let the height
of the film at the entrance be h,, and that at the exit,
h,. It is convenient to normalize the Reynolds equa-
tion by introducing the normalized variables

X=x/B
H=h/h,
P= p/pa‘
where a refers to ambient.
Since the slider is infinitely long, there is no varia-
tion in the y direction. For simplicity, let us also con-

sider an incompressible fluid, so that the density is
constant. The equation in steady state is then

) (0P _ M
?97((” ax)‘Aax

where A = (6u,UB)/h3p,) is called the bearing num-

ber. When A becomes very small the isothermal (6.1 1)5
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Fig. 6.1: Pressure profiles for a plane slider bearing.
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Fig. 6.2: Longitudinal pressure profiles for a Winchester slider.

takes the form of the incompressible (6.12). Therefore,
at small A the compressible film behaves like an
incompressible film.

Integration of this equation gives

P-1_  kX(1-X)
A @K1+ k- kX)?

where k= (h,— h,)/h,. Pressure profiles are shown in
Fig. 6.1 for several ratios of h,/h,.

6.6 Winchester Air Bearing

The geometry of the Winchester slider was shown in
Fig. 3.13. This slider has the opposite dimensions from
that just considered. In particular, it has a very smail
length, the width of the rail. This leads to a much
different pressure profile, as shown in Fig. 6.2. The
pressure decreases at the center, because the air can
flow laterally out from under the bearing, into the
“bleed slots” separating the rails. Thus, the profile has
the double-peaked shape down.

This design has the consequence that if the leading
edge of the slider pitches up or down in response to
an irregularity on the surface, the pressure profile
readjusts itself in such a way as to force the slider
back into equilibrium. Furthermore, the pivot point for
this motion is about an axis that nearly passes through

4the gap itself. Therefore, the head-to-medium spacing
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Fig. 6.3: Transverse pressure profiles for a Winchester slider.
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is not affected to lowest order by this pitching. Fig. 6.3
shows how the three-rail design also stabilizes the
head to rolling motion. The center rail serves simply to
protect the magnetic gap. It does not contribute to lift.

Problem

1) For the infinitely long slider bearing considered in
the notes, calculate a) the bearing load, and b) the
position of the center of pressure.

2) What is the role of the inlet ramps on the
Winchester bearing? (Hint: What happens to the plane
slider bearing when h,<h,, i.e., the bearing noses
down for some reason?)
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UR emphasis in these notes has been on the

physics of magnetic recording which lies prim-
arily in the heads and media. A storage system, how-
ever, has many of the characteristics of a communica-
tion system: the data to be stored are generally en-
coded before they are fed into the head; the heads,
the media, and the electronics all contribute noise:
upon readback the signal may be processed in various
ways to remove linear distortion, reject noise, etc.,
before it is decoded. As the density of disk drives
increases it also becomes essential to provide error
detection and correction. This electronic chain, at the
heart of which are the heads and media, is referred to
as the recording channel. In this chapter we shall
briefly consider those channel aspects that relate to
the transition density.

7.1 Codes

In digital recording the data are represented by a
sequence of symbols, usually the binary “0” and ““1.”
In digital recording the magnetic medium is com-
pletely saturated parallel or antiparallel to the track
direction.

The simplest scheme that one might imagine for
storing binary digits (bits) is to identify a ““1”” with one
polarization, a “0”’ with the other. Following, we show
the corresponding current waveform associated with a
particular sequence of bits:

1]1(0]0j0)1]1]1

! |

NRZ g

This particular scheme is called the non-return-to-zero,
or NRZ, code. In readback however, the head only
detects transitions. Therefore, if a flux transition were
missing, all successive bits would be exactly opposite
to what they should be! This suggests that we use the
transition itself to represent the data. Thus, in the
NRZI code a ““1” is given by a transition and a 0" by
no transition. This has the following current waveform:

[1]1]0]ojlo|1]1][1]0of1]0}[1]0]0

NRZI

The voltage output from the head would have ’(he57
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following form:

(111,000 1;1;1,0;,1[0,;1,0,0

Since it is the location of the transition that carries the
information, we differentiate the output and look for
the zero crossings. With the NRZI code, however, a
long string of “*0’s” will produce extra zero crossings
as is obvious from the output above. The appearance
of such strings also makes clocking difficult. To avoid
these difficulties we insert extra transitions if the num-
ber of consecutive ““0’s” exceeds some value denoted
by k. Such codes are called run-length-limited (RLL)
codes. One of the first RLL codes to be used in disk
codes drives was the FM or Manchester code. In the
FM code, the 1" or *'0” is always followed by an extra
“1.” This corresponds to k=1. The Manchester code
is a variation on this. These are illustrated as follows:

1,10

| |
L1 I

MANCHESTER

Notice that this corresponds to the mapping of one
data bit into two coded bits. Notice also that in the
coded sequence we have ‘“1’s”, i.e., transitions, ap-
pearing without any “0’s” separating them. This is not
good from the point of view of intersymbol inter-
ference. This suggests using a code that also has a
minimum number d of **0’s” appearing between “1’s.”

The modified FM (MFM) code has d=1 and k=3.
The encoding prescription is given as follows:

MFM Encoding Table

Data Sequence Code Sequence
0 X0
1 01

where X stands for the complement of the preceding
bit in the code sequence.



The MFM waveform has the form

(11 101717071707 1,0]

o

f
L

MFM
(MILLER)

The reduction in pulse crowding compared to the FM
waveform is very obvious.

One can consider even more complex codes which
map m bits of data into n bits of code [1]. The “2-7”
code, for example, has d=2, k=7 and maps various
size blocks of data into code blocks always with m/n
=1/2, as shown in the following encoding table.
(Strictly speaking, this code should be denoted as 2, 7,
1, 2 for d, k,m, n.)

2,7 Encoding Table
Data Sequence

Code Sequence

11 1000
10 0100
000 000100
010 100100
011 001000
0010 00100100
0011 00001000

The 2,7 code is in wide use today. The 1,7 code with
m=2, n=3 is being used by Hewlett-Packard in its
new disk drive products. The parameters of repre-
sentative codes are listed as follows:

Examples of Modulation Codes

d k m n m/n Common Name
0 00 1 1 1.0 NRZ
0 1 1 V4 0.5 FM, Manchester
1 3 1 2 0.5 MFM, Miller

2 4
2 7 3 6 0.5 2,7

4 8

2 3
1 7 4 6 0.67 1,7

The ratio m/nis the code rate. Of particular interest
is the relation of the BPI to the actual number of flux
changes, FCl. Suppose the data rate is 1/T. This
means a data bit every T s. Since we are mapping m
data bits into n code bits, the code “window,” T, =
(m/n)T. If transitions are separated by at least d ““0’s”
then the minimum time between transitions is
(m/n)T(d+1). Therefore, the ratio of BPI to FCl is

BPI/FCI=[(1/T)/v)]/[1/(m/n)T(d+1)/V]
=(m/n)(d+1). (7.1)
For the MFM code this ratio is 1, while for the 2,7
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increased simply by increasing d. However, the value
of m/n is also a function of d. In code design the
code rate, m/n, is generally maximized subject to the
d, k constraints.
The code window may be expressed in terms of the
number of flux transitions according to
T,=1/[v(d+1)FCI]. (7.2)
Thus, as the FCI increases, the code window de-
creases. Since the code window is also the detection
window for transitions, as this becomes smaller we
eventually encounter unacceptable errors due to the
inevitable presence of noise.

7.2 Noise

In a magnetic recording system erroneous signals
can arise from many sources: there may be defects
in the media; the head may pick up signals from adja-
cent tracks or from incompletely overwritten data.
Mallinson classifies such sources as ‘“‘interference.”
He reserves for ‘‘noise’’ those fluctuations having their
origin in nondeterministic, or random, processes.

7.2.1 Head Noise

Johnson thermal noise is the best example. And,
indeed, at high frequencies it is the Johnson noise
associated with the head that becomes the dominant
noise source. The impedance of the head is iwL. In
Chapter 3 we derived the expression for the induc-
tance

L=(4m/c)(N/(R,+R,)). (7.3)
At high frequencies, or high recording densities, we
are dealing with very small gaps. Therefore, the core
reluctance dominates the inductance. Since

Rc=lc/MAc

and since p is complex, p=p'+ iu”, the inductance
has an imaginary part which gives an effective resis-
tance

(7.4)

R=(47/c)(N°A @) /I, (7.5)
The Johnson thermal noise associated with this resis-
tance has an rms voltage

Vims =87k gTR Aw

where Aw is the frequency ‘“‘slot”” over which this noise
is measured. The “slot”” noise power, which is V2 /R,
where R, is the load resistance, therefore increases
with the frequency w. Since the slot noise power is
also proportional to the area of the core A, this
favors thin-film heads.

Another source of noise lies in the particulate na-

(7.6)

code it is 1.5. One might think that this could be ture of the medium.
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CHAPTER 7: THE RECORDING CHANNEL

7.2.2 Particulate Noise

The figure below emphasizes the fact that each
particle in a particulate medium contributes flux which
threads the reproduce head.

\ /.
=Yt RRTICLE
(- O 5D

O O DO D
O OO D
o D

The reciprocity theorem tells us that the flux in the
head is

®(x)= [ [ [H(r)-M(r.t) Pr. (7.7)
Assuming a longitudinally oriented medium, IW,.(r, t)=
M(x— x',y,z) where x’= vt. Changing variables, this
may be written

<I>,-(x)=///H(r’+ xX)M(r) d®r

142
=M,.A,a,.fx/+( ' )H(x’+ x,y)dx  (7.8)
xi—=(1/2)

where M;, A,, and «, are the magnetization, cross-sec-
tional area, and polarity (+1) of the ith particle, re-
spectively. Each particle is also assumed to be of
length /. Now suppose the medium is in an erased
state. We shall take this to mean that the polarities «;
are random. Thus, the average flux will be zero. We
therefore consider the noise power spectral density,
NP® (k). To calculate this we first Fourier transform
®,(x) which gives

©,Z(k) = MaQH(k,y)[(sinkl/2)/(kl/2)] "
| (7.9)

where (; is the particle volume and H(k,y) has the
typical spacing loss behavior e . Thus

NPcb(k)=|im(1/L)<Z|<1>,(k)|2>. (7.10)

Substituting for ® (k) and writing £, - n/[[d*r where
n is the particle density which is related to the packing
fraction p by n=p/Q, thus

NP® (k) = pM2wdQ[(1— e 2K?) /2k5]

-e 2k(sinki/2) /kl/2)%. (7.11)
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Recall that the signal power is
SP®(k) = [pMws[(1— e **) /Kks] e *]%. (7.12)

Therefore, the ‘‘slot” signal-to-noise ratio, for ké >1,
i.e., at high spectral frequencies

SNR ~ pw/Qk Ak (7.13)
and the wide-band SNR, i.e.,, Ak —> k is
SNR ~ (pwh?) /Q = nwA?. (7.14)

This very simple result is the consequence of the fact
that the head only senses a volume of material of the
order of wX?. Since the signal voltage depends upon
the number of particles n while the noise goes as Vn,
this gives the SNR result in (7.14).

The areal density goes as 1/wA. Therefore, if we
wish to increase the areal density, without paying an
undue penalty in SNR, it is best to do this by decreas-
ing w, not A!

7.2.3 Modulation Noise

In the presence of a signal there is an additional
noise contribution which is generally believed to be
associated with inhomogeneities whose correlations
produce a spectrum of “sidebands’ around the signal
frequency:

db

MODULATION

NOISE
PARTICULATE NOISE

HEAD NOISE

LINEAR
DENSITY

7.3 Error Rates [2]

In digital systems noise is reflected in the error rate,
which is one of the most critical parameters of the
system. To see how the error rate relates to the signal-
to-noise ratio let us consider the region of a zero
crossing within a detection window of width 2T
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Now add noise to this signal:

We see that the zero crossing has been shifted by an
amount t. We assume that t has a Gaussian distribu-
tion about zero,

P(t)=1/(V2mo,)e */@D (7.15)

where o, is the standard deviation, i.e.,

WO dt=o,.

This variation in the zero crossing may be related to
the variations in the signal itself. At the shifted zero
crossing the noise just cancels the signal, i.e.,

v(t)=—W(t).
Expanding W(t) about t= 0,
v=0V/0t],_ot = wVpat (7.16)

where  is the signal frequency. Since v is propor-
tional to t, it is also a Gaussian random function with a
standard deviation given by

(7.17)

0, = wV,,,0

If tis larger than T, the zero crossing falls outside the
detection window and results in an error. Therefore,
the number of errors is

(7.18)

Tw
1—[ P(t)dt=1—erf(T,/, 20,
TW
which defines the error function, erf(x). If we define

the signal-to-noise ratio, SNR, as

SNR =V, /(v20,) (7.19)

INTRODUCTION TO MAGNETIC RECORDING

10
log (error rate)

-12

a4

— . I 1Y 1
T 3m/2

WTwSNR

Fig. 7.1: Relation between error rate and signal-to-noise ratio.

then

error rate =1 —erf(w»T,SNR). (7.20)

The error function is a very strong function of its
argument. For large values of this argument the error
rate may be written as

error rate = e X/\/m x

where x= wT,SNR. This function is plotted in Fig. 7.1.
Computer applications generally require an error rate
less than 10712,

Problem

1) Since the NRZI code has the same minimum
distance between transitions but has twice the window,
would a modified NRZI (with an added k constant) be
preferable to MFM?
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Disk-Storage Technology

On the surface of a spinning disk the data for a computer

are stored as minute magnetic regions. In devices being

developed the data will be “written” and “‘read’’ by a laser

he speed with which computers

process data has increased a hun-

dredfold in recent years. Such
progress has been supported by progress
in other technologies. In particular the
technology of data storage has also ad-
vanced dramatically. The information
in a book the size of a large unabridged
dictionary can now be stored in the form
of minute magnetic patterns on a rap-
idly rotating disk. Even that capacity
will be surpassed. In the near future an
optical system in which information is
stored and retrieved by laser will make
possible the storage on a disk of the
contents of a library of several thousand
books.

In many ways the magnetic and op-
tical systems are alike. Both require
disks. Both require a head to “write” and
“read” the data onto and off of the sur-
face of the disk. In the one case the
head is an electromagnetic device that
resembles in principle the head of a con-

MAGNETIC DISK

STEPPING MOTOR

by Robert M. White

ventional tape recorder. In the other
case the head is a laser and its associat-
ed optics. Furthermore, both magnetic
and optical systems require mechanisms
that properly position the head in rela-
tion to specific tracks of data at particu-
lar radii on the disk, and both require an
electronic system that mediates between
the disk memory and a computer. The
electronic system encodes the data in a
way that makes them appropriate for
storage and decodes them for their re-
turn to the computer. In many designs
it adds signals to the data entering the
memory that can be used later to locate
any errors made in storage.

It is likely in addition that magnetic
and optical disk memories will be part
of the same information system. Per-
haps, for example, a large optical disk
memory will serve as an archive. It
could store a year’s accumulation of
documents and replace filing cabinets
throughout a large organization. Mean-

TO CONTROLLER

MAGNETIC-DISK DRIVE is the secondary memory in a modern computer system. In the
system’s primary memory (part of the central computer itself) the retrieval of data is faster.
On the other hand, the secondary memory costs less for its storage capacity. The configuration
here is typical. A motor positions a read/write head over tracks of data on a spinning disk.

Reprinted with permission from Sci. Amer., vol. 243, pp. 138-148, Aug. 1980.
Copyright © 1980 by Scientific American, Inc. All rights reserved.
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while smaller magnetic disk memories
distributed throughout the organization
would serve individual users. The disks
in these smaller systems could have the
advantage of being removable. The dis-
advantage would be a greater aptness to
“crash,” or lose data, because access to
the disks makes them vulnerable to dirt.
Even a dust particle the size of a bacteri-
um can disrupt the writing or reading of
the data. Nonremovable disks could of-
fer better performance (and lower cost),
but a power failure would make their
data unavailable.

The storage of documents is not the
only use for the disk technology. An au-
dio signal such as the electric current
generated by a microphone can be sam-
pled many thousands of times per sec-
ond and the intensity of each sample can
be represented as a number. In this way
a signal that is continuous in time, an
analogue signal, is converted into a dis-
continuous, or digital, signal. A picture
can likewise be converted into a map of
digital data by sampling the picture in
two spatial dimensions. One application
already being examined is the storage on
disks and in digital form of the thou-
sands of X-ray images that accumulate
in a hospital.

The fundamental advantage of the
conversion of signals from analogue
into digital is that data in digital form
can be processed, transmitted and
stored almost without error, even if
there is norecourse to error-locating sig-
nals. The reason is as follows. Digital
information is customarily represented
by a sequence of digits in which each
digit is a bit: either a 0 or a 1. Small areas
of the medium in which such binary in-
formation is stored (for example the
iron oxide coating of a magnetic disk)
must be put in one state or another to
represent the data. For magnetic storage
the two states are the extremes at which
the dipole magnetic field in the medium
is saturated, or at a maximum, in one
orientation or in the opposite orienta-
tion. The two states can be distinct to
such an extent that the stored informa-
tion is virtually never corrupted by va-



garies such as a stray electromagnetic
field from the writing and reading head
or from the neighboring stored informa-
tion. In a high-performance magnetic-
disk memory the errors caused by dirt
and other mechanical problems corrupt
approximately one bit in 10 billion bits.
Coding for the detection of errors re-
duces the error rate to one bit in 10 tril-
lion bits.

he Danish engineer Valdemar Poul-

sen exhibited the first magnetic re-
corder at the Paris Exposition of 1900.
It came 23 years after Thomas Edison
had built the phonograph. In Poulsen’s
device a steel piano wire followed a spi-
ral groove around the surface of a drum.
An electromagnet made contact with
the wire and was free to slide along a rod
positioned parallel to the axis of the
drum. The drum’s rotation pulled the
electromagnet down the rod. When cur-
rent from a microphone passed through
the electromagnet, a segment of the
wire was magnetized in proportion to
the current. Although Poulsen’s inven-
tion created a sensation, the recorded
signal was weak. It was not until the in-
vention of the vacuum-tube amplifier in
the 1920’s that magnetic recording be-
gan its steady evolution. The piano wire
evolved into plastic tape with a coating
of magnetic material. In another config-
uration a rotating drum was coated with
a magnetic medium on which signals
could be recorded on numerous circu-
lar tracks. Each track had its own elec-
tromagnet. Such devices became mem-
ories for the first modern computers.
Indeed, they were primary memories:
devices for the fastest storage and re-
trieval of data.

Today technologies based on semi-
conductor elements provide the primary
memory of a computer. The secondary
memory is larger and slower but stores
information at a lower cost per bit. The
devices serving this function are now
based on magnetic disks. The tertiary
memory, which is still larger, slower and
cheaper, is based on magnetic tape at
present. This hierarchy of memories en-
ables the users of computers to optimize
performance and cost. In fact, the flow
of information can be managed by cer-
tain computer systems so that data any-
where in the hierarchy is in the primary
level of storage when it is needed. It is as
if all the data were on that level. The
principle is known as virtual memory.

Magnetic writing—the recording of
data in a magnetic medium—is based on
the same principle today that applied
in Poulsen’s device. If a current flows
in a coil of wire, it produces a magnetic
field. The field is largely confined in a
ring-shaped core of magnetic material
around which the wire is wound. A nar-
row slot is cut in the magnetic materi-
al. It is the field in the vicinity of the
slot that magnetizes the magnetic me-

PATTERN OF MAGNETIZATION

|
|
| . -ELECTROMAGNET CORE

|

MAGNETIC FIELD OF HEAD

Mot \ON

SK
<—-piecTION OF

WRITING OF DATA into storage in the magnetic medium on a disk requires a head that re-
sembles in principle the head of a tape recorder. Electric current supplied to the head flows
through a coil around a core of magnetic material. The core throws a magnetic field into the
disk, thereby magnetizing the medium. When current is reversed, the magnetization reverses.

PATTERN OF MAGNETIZATION

b

Cc READOUT SIGNAL

1 ' !

| ! !

| | |

I I I

0 0 0 1 1
DECODED DIGITAL SIGNAL
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O==e=

READING OF THE DATA employs the head that wrote them. The data in storage () are
digital; each datum, or bit,is a 0 or a 1. Here a 1 is stored as a place on the disk where the mag-
netization reverses and a 0 as the absence of a reversal. A reversal also lies between each stored
bit. As the disk spins, the magnetic fields of the stored data (b) pass successively under the
head. The changing fields induce in the head a voltage signal (c), which is converted back into
a digital form. The first seven bits of the decoded signal are 1000001, which represent the let-
ter A. An eighth, or check, bit is 1 because the preceding seven bits add up to an even number.
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dium lying nearby on the disk and there-
by writes the data.

The head that writes the data can also
be used to read it. One way this is done is
based on the principle of induction, for-
mulated by Michael Faraday in 1831,
according to which a voltage is induced
in an open circuit such as a loop of wire
by the presence of a changing magnetic
field. In the case of a head positioned
above a spinning magnetic disk on
which data have been written the mag-
netic fields emanate from the magnet-
ized regions on the disk. During the time
the head is over a single magnetized re-
gion the field is more or less uniform.
Hence no voltage develops across the
coil that is part of the head. When a
region passes under the head in which
the magnetization of the medium re-
verses from one state to the other, how-
ever, there is a rapid change in the field.
Hence a voltage pulse develops. In this
way the digital data in storage are read
as an analogue signal, which can be
readily converted back into digital form.

The writing and reading of data de-
pend of course on the magnetic prop-
erties of both the medium in which the

data are stored and the head that writes
and reads them. I shall discuss the me-
dium first. In one method of manufac-
ture an aluminum disk is coated with
a slurry containing the gamma form of
iron oxide, in which the oxide consists of
needlelike particles approximately a mi-
crometer (10 -4 centimeter) in length and
a tenth of a micrometer wide. The iron
atoms in each particle have their own
minute magnetic fields, but the elongat-
ed shape of the particle forces the fields
into alignment along the particle’s long
axis. Each needle is therefore a bar mag-
net and has a dipole magnetic field. The
only possible change in the field is a re-
versal of the north and south poles at the
ends of the needle. The overall magneti-
zation in any given region of the disk is
the sum of the fields of the needlelike
particles within it.

Plainly the magnetization of a region
of the disk would be maximal if its
needles were aligned and if they all had
their north (or their south) pole facing
in the same direction. The alignment of
the needles is achieved when the disk
is manufactured, by rotating the disk in

REMANENT MAGNETIZATION -

SATURATION

COERCIVE
FIELD STRENGTH -

MAGNETIZATION OF MEDIUM
<)

N,
\,

SATURATION

0 +

APPLIED MAGNETIC-FIELD STRENGTH

HYSTERESIS LOOP plots the magnetization of a material to which a magnetic field is ap-
plied. At first the material’s magnetization increases from zero (a) to a maximum, or satura-
tion (c). If the strength of the field is then decreased, the magnetization persists. A reversal
of the field drives the material to saturation with magnetism oriented in the opposite direction.
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the presence of a magnetic field before
the slurry has dried. The needles come
to lie in the plane of the disk and more or
less perpendicular to a radius of the
disk. In an operating disk memory they
are more or less aligned with the direc-
tion of motion of the disk.

The alignment of the poles is achieved
when data are written. Specifically, it is
achieved when the head applies a mag-
netic field to the medium. The magnetic
particles are sufficiently far apart so that
their own fields do not interact appreci-
ably with one another. As the strength
of the applied field increases, however,
some of the magnetic particles whose
dipoles are opposite to the direction of
the applied magnetic field reverse their
dipole field. Ultimately the applied field
becomes strong enough to polarize all
the particles. Two complications must
be noted. First, the field of the head falls
off rapidly with distance from the head.
Second, the medium is moving. It there-
fore passes out of the region in which the
field is strong enough to polarize the me-
dium. It is the trailing edge of the field
that governs the final orientation of the
magnetization.

When the field of the head is removed,
the region of polarized medium re-
mains. That is why the data can be
stored. The magnetization can be driven
back to zero, and beyond it to saturation
in the opposite sense, by reversing the
flow of current through the coil in the
head and thereby applying to the mag-
netic medium a reversed magnetic field.
Since the magnetization persists in the
medium, the reversal of the magnetic
field does not immediately reverse the
course of events by which the medium
was magnetized in the first place. The
term hysteresis is applied to this phe-
nomenon. In general hysteresis signifies
the delay of an event because of some-
thing that has happened previously, in
this case the earlier magnetization. As
the magnetic field is cycled the degree of
magnetization in the medium follows a
pattern called a hysteresis loop.

For a magnetic medium it is desirable
that the remanent magnetism (the mag-
netism that persists when the magnet-
ic field is absent) be large. It also is
desirable that a moderately large field
strength be necessary to demagnetize
the medium. Both of these requirements
help to ensure the permanence of the
stored data. In addition it is desirable
that the reversal of the magnetization
of the medium be accomplished over
a small range of applied field strength.
This helps to ensure that the states of the
medium that are used for data storage
will be well defined. All these criteria are
summarized by the requirement that the
hysteresis loop for the magnetic medi-
um be large and nearly square.

The two possible saturations of the
magnetization of the medium are the
two states that serve for the storage of
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digital data. It is not the case, however,
that one state of saturation signifies a
1 and the other a 0. More complex
schemes are used, in part to introduce a
periodic variation in the readout cur-
rent. Such periodicities are useful as
synchronizing signals in computer sys-
tems. In part the schemes are used be-
cause, as I have noted, the readout of the
data depends on placing a coil in the
presence of a changing magnetic field
and not a field that is constant. In a code
called double frequency modulation a 1
is represented by a reversal of magneti-
zation and a 0 by the absence of a rever-
sal. An additional reversal is inserted be-
tween each bit to provide a timing sig-
nal. The encoding requires a maximum
of two reversals per bit. Other codes
do better: they require fewer reversals.
Such codes, however, are more suscep-
tible to error, so that part of the extra
capacity must be used for extra bits that
serve for error correction.

The storage of a document will pro-
vide an example of the simplest such
scheme. In the American Standard Code
for Information Interchange each char-
acter in a language is represented by
seven bits. The letter A4, for instance, is
1000001. An eighth bit is often added to
each character in storage as a “parity”
bit, or check bit, to aid in determining
whether the preceding seven bits are
correct. The value of the parity bit is 0 if
the preceding seven bits add up to an
odd number and 1 if they add up to an
even number. Thus the letter 4 in stor-
age is 10000011.

This use of parity bits can aid in locat-
ing an error only to within the preceding
seven bits. A more complex code devel-
oped by R. W. Hamming in 1950 em-
ploys a greater number of bits and yields
the precise address of a single bit that is
in error. The correction of the error then
requires simply the conversion of a 1
into a 0, or the reverse. In a still more
complex scheme the data bits are treat-
ed as the coefficients of a polynomial.
The polynomial is manipulated algebra-
ically to yield a smaller set of bits. These
bits are put in storage. In the event of
an error they can be called up to recon-
struct the data. The last scheme is par-
ticularly well suited to the correction of
bursts of errors, which is generally the
way errors develop on a magnetic disk.

or the magnetic material that is the

core of the electromagnet in the
head the requirements are distinctive.
Here a small flow of current through the
coil around the core should yield a large
magnetization, and when the flow of
current stops, the magnetization should
return as nearly as possible to zero.
Moreover, a reversal of the direction
of the flow of current to only a modest
value should yield a reversal of the mag-
netization. In many heads the core is a
ceramic consisting of spherical ferrite

particles. A ferrite is an oxide of iron
together with another metal or a mix-
ture of metals. In the case of a magnetic
head the metals are usually nickel and
zinc; sometimes manganese is added.
The design of the head must conform
to the design of the disk. In one technol-
ogy the disk is “floppy”: it is a thin sheet
of Mylar plastic on which the gamma
form of iron oxide is coated. The stan-
dard diameter of the disk is eight inches,
except for minifloppies, in which the
diameter of each disk is 5, inches. In
floppies and minifloppies the head ac-

tually makes contact with the surface
of the disk. On occasion the head is
bounced from the surface by a particle
of dirt. Therefore the error rate of the
device is relatively high, as is the wear
on the medium. Of necessity the disk
in such a device spins slowly.

In high-performance memories the
magnetic medium is the coating on a
rigid aluminum disk eight or 14 inches
in diameter, and the head is kept from
touching the medium by what is called
the air-bearing effect. Consider a head
that is nearly in contact with the surface

CENTER RAIL

WINCHESTER HEAD was introduced by the International Business Machines Corporation
in 1973. It is shown upside down; actually the rail-like surfaces of the hiead confront the disk
at a distance of half a micrometer. The flow of air under the outside rails generates an aero-
dynamic force that supports the head; the trailing end of the center rail holds the electromag-

SILICON SLIDER

THIN-FILM HEAD (also shown upside down but not at the same scale) has no coil of wire
in its electromagnet. Instead it employs a spiral film of electrical conductor. The core of the
electromagnet is Permalloy, a mixture of nickel and iron. (The core in a Winchester head is
ferrite: an oxide of iron in combination with other metals.) The electromagnet again is at the
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of a 14-inch disk spinning at 3,000 revo-
lutions per minute. The velocity of the
head with respect to a data track in the
medium on the disk is approximately
100 miles per hour. If the length of the
head along the direction of relative mo-
tion is two orders of magnitude longer
than the separation between the head
and the medium, the flow of air between
the head and the medium provides sup-
port for a head weighing up to several
grams.

In 1973 the International Business
Machines Corporation introduced the

Model 3340 disk memory. The technol-
ogy of the system has since been adopt-
ed by many manufacturers. It is now
known generically as Winchester tech-
nology, that being the code name under
which the device was developed at IBM.
A Winchester disk memory has one
or more rigid disks, either eight or 14
inches in diameter. Each disk is coated
on both sides with a magnetic medium,
so that two surfaces per disk are avail-
able for the storage of data. Each Win-
chester head has three rails, or raised
surfaces. The trailing end of the middle

rail holds a magnetic core with wire
coiled around for writing and reading
the data. The two outer rails govern the
flow of air. The force that results is suffi-
cient to support a weight of 10 grams at
a height of half a micrometer above the
disk. The disks and the head assemblies
in such a memory are sealed in a small
“clean room™: a chamber approximate-
ly the size of a hatbox, in which the air is
continuously recirculated and filtered to
exclude any dust particles larger than .3
micrometer in diameter.

The quantity of data that can be
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FRINGE FIELD OF WINCHESTER HEAD is the magnetic field that lies outside a gap in
the core of the electromagnet. It is the field that writes the data. The arrows show the orienta-
tion of the field; their lengths show the intensity. The curve shows the intensity too; it plots
the horizontal field strength at a distance from the head equal to half the width of the gap.
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trailing end of a structure designed to gener-
ate a supporting aerodynamic force when a
disk is spinning under it. A memory with thin-
film heads was introduced this year by IBM.
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FRINGE FIELD OF THIN-FILM HEAD decreases steeply at each side of the electromag-
net’s gap. The steepness of the decrease allows the writing (and subsequent reading) of data at
a greater packing density on a disk. Specifically, a Winchester head can record about 10,000
reversals of magnetization per inch along a data track. A thin-film head can record 15,000.
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stored on a disk depends on how much
of its surface area is magnetized for the
storage of a bit. In the first place the
width of a magnetized region, or equiv-
alently the width of a data track, is af-
fected by limitations on both the head
and the disk. For example, the width of
the center rail of a Winchester head is
limited by a problem of durability: if
the rail is too thin, it is fragile. This lim-
it on the width is some 20 micrometers,
which corresponds to a track density on
the disk of about 1,000 per inch of the
radius.

On a floppy disk the track density is
only 48 tracks per inch. The reason is
that the Mylar of the disk expands un-
evenly with increasing temperature, and
so a thin data track can wander away
from under a head. In high-performance
memories the manufacturer devotes one
of the surfaces of a disk to patterns of
bits that continuously yield information
on the position of the head. Any devia-
tion from the proper position causes the

WRITE LASER
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HORIZONTAL POLARIZATION
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POLARIZING BEAM SPLITTER

SIMPLEST OPTICAL DISK MEMORY employs laser light to write
data by burning holes in the medium on a spinning disk. The laser
for writing the data is at the far left. A laser for reading the data is
at the top. Its light reflects from the disk in places where a hole has

generation of a signal in the head that
actuates a motor for repositioning. A
new strategy is to embed such patterns
of bits within the stored data itself.
The number of bits that can be written
along a track also is affected by limita-
tions on both the head and the disk. For
one thing a reversal in the magnetiza-
tion of the medium cannot be infinitely
sharp, because then it would correspond
to the confrontation of north and north
(or south and south) magnetic poles, and
like poles repel each other. Then too
a reversal in the direction of the flow
of current through the coil in the head
ceases to reverse the head’s magnetic
field if it happens too quickly. For exam-
ple, the ferrite particles in a Winchester
head begin to fail to respond to reversals
of current flow at a frequency of some
10 million reversals per second. As a
result of all these constraints the num-
ber of reversals in magnetism along a
data track in a device that records digi-
tal data by magnetic saturation and em-
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ploys a Winchester head is about 10,000
per inch. The quantity of data stored
ranges from about 20 million bits for
one surface of a floppy disk to billions of
bits for high-performance rigid disks.

The rate at which bits are written or
read along a track is called the data rate.
It ranges from hundreds of thousands of
bits per second for floppy-disk systems
to 10 million bits per second for rigid-
disk systems. The main reason for the
difference is the fact that floppy disks
must rotate at lower speeds. The bits are
written onto what are called sectors of a
track. A sector is typically hundreds of
bits long. In one scheme its location is
marked by a slot along an inner radius
of the disk.

The speed with which a particular
sector is found for the writing or read-
ing of data is gauged by the access
time. First the head must be positioned
over the proper track. This requires a
“seek time.” Then the proper sector of
the track must come under the head.

OUTPUT-DETECTOR ARRAY
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ﬁERTICAL POLARIZATION
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not been burned, then makes a second passage through the optical
train of the device, arriving back at a beam splitter with a vertical
polarization. This reflects the beam to a detector array. The reflected
light also yields feedback signals for control of tracking and focus.



This requires a “latency time.” For disk
memories the access time is typically be-
tween 10 and 100 milliseconds.

lainly each advance in disk memory

must be a constellation of changes
made throughout the technology. Nev-
ertheless, I shall describe certain pos-
sible changes as if they could be made
individually.

Over the past two decades improve-
ments in disk mediums have taken the
form of increases in the density of the
magnetic particles and in the homogene-
ity of their size, but the material has re-
mained the gamma form of iron oxide.
More recently an effort has been made
to increase the coercivity of the medium
(the resistance of its magnetism to era-
sure) by modifying the chemistry of the
particles themselves. It turns out that if
particles of the gamma form of iron ox-
ide are added to a solution containing
cobalt ions and then are heated, the par-
ticles acquire a thin surface layer of co-
balt, which increases the coercivity for
reasons that are not yet completely un-
derstood. The particles are being em-
ployed in magnetic tape but have not yet
appeared in disks, whose high rate of
spin means that the magnetic medium
must be remarkably durable.

The magnetization of the medium
(and thus the strength of the readout sig-
nal) can be increased by using a material
that attains a greater magnetization than
iron oxide. Pure metallic cobalt, for ex-
ample, has a magnetization much great-
er than that of the gamma form of iron
oxide, and many research groups have
made disks in which it is the medium. In
one method of fabrication ions of an
inert gas, typically argon, are accelerat-
ed into a target consisting of cobalt. The
bombarding ions cause the ejection of
cobalt atoms, which deposit themselves
as a film on a metal disk. By controlling
various aspects of the process it is possi-
ble to control the microscopic structure
of the film and therefore its magnetic
properties.

What has kept such disks from being
manufactured commercially is econom-
ic inertia. The production of disks based
on iron oxide requires the entirely differ-
ent technology where the medium is ap-
plied to the disk as a slurry. In addition,
however, thin metal films are intolerant
of defects in the metal disk that is their
substrate. They also appear to be less
durable than the iron oxide disks. On the
other hand, the greater magnetization of
cobalt means that the medium can be
thinner. As a result the magnetic field of
the head varies less through the medi-
um, and so the magnetized regions ac-
quire greater definition. In particular the
transition length between reversals in
the magnetization is shorter. The need
for greater storage densities for data will
make metallic disks more attractive.

In an effort to improve the head the

CLEAVED FACET —

LIGHT CONE

n-TYPE GALLIUM
ARSENIDE

p-TYPE GALLIUM

_~ ALUMINUM ARSENIDE
n-TYPE GALLIUM
ALUMINUM ARSENIDE
p-TYPE

GALLIUM ARSENIDE

COPPER BASEPLATE
AND ELECTRODE

SEMICONDUCTOR LASER the size of a pinhead will probably be used in future optical disk
technology. The device consists of layers of gallium arsenide or gallium aluminum arsenide,
each with impurities that give the material either an excess of electrons (n-type semiconductor)
or an excess of “holes,” which are states of energy that electrons can occupy (p-type semicon-
ductor). When a voltage is applied, electrons flow downward into a narrow layer of p-type gal-
lium arsenide at the center of the laser. There they combine with holes and give up energy in
the form of photons: quanta of light. Flanking the light-emitting region are semiconductor lay-
ers whose electrical and optical properties keep electrons and photons from moving sideways.

manufacturers of disk memories are be-
ginning to exploit thin-film technology,
in which layers of materials are deposit-
ed by a plating method. IBM, for exam-
ple, has recently introduced a thin-film
head in its Model 3370 disk memory.
Here the inductive circuit is not a coil of
wire; it is a thin-film conductor deposit-
ed as a spiral that makes eight turns on
the face of a silicon substrate that be-
comes the rail of the head. The magnetic
core of the head is Permalloy: a mixture
of nickel and iron. The head can respond
to reversals of current as rapidly as 100
million times per second. Moreover, the
pattern of the magnetic field thrown off
by the head makes it possible to record
15,000 magnetic reversals per inch
along a data track. (If the magnetic me-
dium were a metal film, 25,000 reversals
per inch might be attained.) It happens
that the electrical resistance of Permal-
loy increases notably in the presence of
a magnetic field. The degree of the in-
crease depends on the strength of the
magnetic field and not on its rate of
change. Hence in future thin-film heads
the readout could be independent of the
rate of spin of the disk.

S. Iwasaki of Tohoku University has
suggested that data might be stored per-
pendicular to the plane of the disk. Here
the end of the core of a head, and there-
fore a pole of a dipole magnetic field,
confronts the disk and throws field lines
deep into the magnetic medium. As a
result the data are stored, so to speak, on
end. More than 100,000 magnetic rever-
sals per inch might be possible, but the
implementation awaits the development
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of both the head and the medium for it.
By the technique described above the
magnetic dipoles of iron oxide can be
oriented in the plane of a disk. The prob-
lem is to find a way in which such di-
poles can be oriented perpendicular to
the plane of a disk.

Even with all the advances I have de-

scribed it is inescapable that in mag-
netic memories the energy responsible
for the readout signal is contained in the
medium itself. To put it another way,
the strength of the readout signal de-
pends on the strength of the medium’s
remanent magnetization. Digital memo-
ries employing beamed energy would
have the advantage that for the readout
of data the beam itself provides all the
required energy and the stored data act
as ‘“gates.” A further advantage is that
the head giving rise to the beam would
not have to be nearly in contact with the
medium. As a result the medium could
be protectively enclosed, so that the disk
would be removable without the penalty
of an increased error rate. Data could
then be safely stored off line (outside
the memory) for merely the cost of the
memory’s disks.

The simplest possibility for a beam-
addressed memory is a device in which
the data are written when a laser beam
burns holes in the coating of a disk. If
the coating is a metallic film on a trans-
parent substrate, each hole will transmit
light when the laser is later used at lower
power for readout. Elsewhere the sil-
very metal will reflect the readout beam.
For a laser whose energy lies in the red



part of the electromagnetic spectrum
holes a micrometer in diameter are easi-
ly achieved. A disk 14 inches in diame-
ter can hold 10 billion such holes. To
be sure, a memory of this kind would
be nonerasable: the data, once written,
could not be changed. Even so, it could
be an archival storage in a computer sys-
tem that also included magnetic disks.
The burning of holes is accomplished
most neatly by ablation. The laser beam
is focused to a small spot on a thin metal
film, melting a small area of the film. At
the center of the spot, where the beam
is most intense, an even smaller hole
opens. Because of surface tension the
surrounding molten metal then curls
back on itself to produce a toroidal rim.
The energy that initiates the ablation is
the sum of the heat that raises the tem-
perature of the metal and the heat that
changes its phase from solid to liquid
and in the center of the spot from liquid
to gas. The desirable properties of the

metal are therefore a large absorption of
energy at the frequency of the laser light
and a low heat of liquefaction and of
vaporization. On the other hand, the me-
dium should not be too sensitive to heat,
because if it is, the reading of the data,
which requires a certain minimum in-
tensity of laser light, will alter the in-
formation in storage. The properties of
the metal tellurium are promising, and
so studies of tellurium (as well as of
many other mediums) are in progress
at Philips, RCA, Hitachi, Xerox, Thom-
son CSF and elsewhere.

Suppose a hole a micrometer in diam-
eter is to be written on a tellurium film
300 angstrom units (.03 micrometer)
thick. The laser pulse that does it must
last long enough to heat the metal, open
a very small hole by vaporization and
keep the metal molten until the rim curls
back. The curling takes the longest. The
velocity of the rim is approximately
1,000 centimeters per second, and so a

HOLES BURNED BY A LASER in a film of the metal tellurium are shown in an electron mi-
crograph. To make each hole the laser melted a circle of metal and vaporized the center of the
circle. The metal then curled back on itself. The distance between holes is five micrometers.
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hole a micrometer in diameter opens in
some 50 billionths of a second. The la-
ser power needed is 20 milliwatts. Dur-
ing the time the laser is on, the disk
advances by approximately a microme-
ter, giving the hole an elliptical shape.
A scheme for encoding data might cap-
italize on such elongation. The holes,
for example, might overlap to produce
slots. In Magnavision, a device manu-
factured by the Magnavox Company
that “reads” prerecorded disks but can-
not make recordings, variations in the
length of holes modulate a laser beam to
yield a video signal.

Devices such as Magnavision rely on
gas lasers, of which even the small-
est are rather large and require an ap-
paratus resembling a shutter to modu-
late the beam. The rapid development
of the much smaller semiconductor la-
sers makes it likely that in data-storage
systems they will be used instead. The
simplest semiconductor laser consists of
two layers of semiconducting materi-
al, each layer “doped” in a different way
with a small amount of impurity so that
the energies of the electrons in one layer
are higher than those of the electrons in
the other. When the layers are in con-
tact, the electrons soon stop flowing, be-
cause their initial motions establish an
electrostatic field that prevents any fur-
ther movement. If a voltage is applied,
however, the field is overcome. The
electrons with the higher values of ener-
gy move into the other layer, where they
give up their energy in the form of light.

A cascade of events then gives rise to
the laser beam. Specifically, some of the
light that has been generated propagates
to the front and the back of the semicon-
ductor, where it is partially reflected by
mirrorlike surfaces. As a result of these
reflections the light wave grows in am-
plitude, because each photon, or quan-
tum of light, interacts with electrons in
the semiconductor and gives rise to the
emission of additional photons.

The only semiconductors now known
to be suitable for lasers are gallium ar-
senide and its related alloys, whose laser
lightisred or infrared. That is somewhat
unfortunate for a disk memory, because
tellurium is only weakly absorbing of
energy at those wavelengths. On the oth-
er hand, the semiconductor lasers are
becoming more efficient. The light-pro-
ducing layers are being sandwiched be-
tween additional layers of semiconduc-
tor that reflect the moving electrons and
thereby confine them to the active re-
gions of the device. The same layers
confine the photons. By means of such
designs Hitachi has obtained 80 milli-
watts of continuous laser output from
an experimental semiconductor laser
the size of a pinhead. The properties of
the medium on the disk thus may cease
to be limitations.
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ADVANCES IN DISK TECHNOLOGY are reflected by advances in the packing density of
data, expressed in this chart as bits per square inch on the surface of a disk. In rigid disks the
magnetic medium is coated on an aluminum substrate; in “floppy,” or flexible, disks it is coated
on Mylar plastic. Two improvements are foreseen for the magnetic technology: the use of met-
al film instead of iron oxide as the medium on rigid disks and the recording of data in regions
of magnetization oriented vertically, or perpendicular to the plane of the disk, instead of hori-
zontally, the current practice, Optical disk technology might attain the greatest storage density.

Alan E. Bell and Robert A. Bartolini
of RCA have proposed another possibil-
ity: a disk where the tellurium is coat-
ed on a transparent substrate so that
the thickness of the tellurium and the
substrate is a quarter of the wavelength
of the light. Under the substrate is an
aluminum reflector. The light reflected
from the aluminum would be half a

wavelength out of phase with the light
reflected from the tellurium and so the
destructive interference between the two
would be complete. An equivalent de-
scription is that the tellurium is black
as seen from the viewpoint of the la-
ser. Hence all the incident energy is ab-
sorbed; it contributes to the heating of
the medium.
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It is still hoped that an optical disk
memory can be devised in which the
data can be erased and rewritten. One
attempt to develop such a memory is
based on the interaction of a magnetic
medium with light. For the writing of
data the medium is heated above its
Curie temperature: the temperature at
which its magnetism disappears. As the
medium cools, a magnetic field is ap-
plied, so that when the magnetism reap-
pears, its orientation is established pref-
erentially. For the reading of the data
light is either reflected from the magnet-
ic medium or transmitted through it.
The magnetism slightly changes the po-
larization characteristics of the light. To
maximize the effect the magnetization
must be perpendicular to the plane of
the disk. That is the orientation also
required for the vertical recording pro-
posed by Iwasaki.

In the late 1960’s IBM experimented
with an erasable optical disk memory
employing europium oxide as the medi-
um. Unfortunately the Curie tempera-
ture of this substance is less than room
temperature, and so the memory must
be refrigerated. Later the properties of
manganese bismuth were investigated.
Then it was discovered that the atoms
in manganese bismuth rearrange them-
selves at the Curie temperature, so that
the repeated writing of data degrades
the material.

Optical disk technology is therefore
just emerging. It promises to increase
the capacity of disks a hundredfold and
to reduce the cost of data storage cor-
respondingly. This is not to say that op-
tical disks will promptly replace their
magnetic precursors. Thin-film heads
and metallic mediums will improve the
performance of magnetic disks, and so
can vertical recording. Many issues re-
main to be resolved that will affect the
integration of the optical technology
into computer systems.



ADVANCED TECHNOLOGY

Computers

- Magnetic disks:
storage densities on the rise

New materials and new techniques, such as vertical and magnetooptical
recording, are driving down costs per stored bit

For 30 years, magnetic-disk memories have been the mainstay of
computer information storage, and the information density of
the disks has steadily increased to 2 million bits per centimeter
squared. But the demand for ever greater packing densities has
not slackened. As a result, a number of companies are today
pushing for higher disk densities along four main fronts.

Two involve the development of better materials. First, re-
searchers are improving existing ferric oxide recording materials,
either by using continuous thin films instead of particulate
coatings or by adding cobalt to the oxide particles. Second,
metallic coatings are replacing ferric oxides in some disk drives.

But though improvements in materials alone may increase
recording densities fivefold, changes in recording techniques may
raise densities as much as twenty or thirty times. One of these new
techniques is vertical recording. With this approach, magneti-
zation is perpendicular rather than parallel to the plane of the
recording media. The great advantage is that it reduces self-
demagnetization, which blurs the magnetic cell.

Another effort, being pressed by Philips GmbH in Hamburg,
West Germany; the Xerox Corp. in Palo Alto, Calif.; and a num-
ber of Japanese companies, is toward perfecting magnetooptical
disks. These have densities comparable to those of optical disks,
but the disks are also fully erasable.

With so many attractive options for the future, the obvious
question is: Which is superior? At present there is no clear
answer. Many factors are involved. Enhanced oxides and
metallic media are already appearing in Winchester drives
because they are compatible with existing systems. In combina-
tion with thin-film heads, these disks will permit much higher
densities.

But the application of vertical recording will require new heads
or special electronics to handle the asymmetric readback pulses
from conventional ring heads. And as for the magnetooptic op-
tion, it requires tracking and focusing servo systems to exploit its
potential. In time all these media will likely appear in the
marketplace, just as there are many video-disk technologies.

Making oxides better

Until recently the basic recording medium for magnetic disks
has been ferric oxide particles dispersed in a binder. The par-
ticulate dispersion is spin-coated onto the underlying aluminum
disk [see ‘‘Disk basics,”” p. 36.]. The magnetic head, a C-shaped
electromagnet with a small gap between the poles, writes infor-
mation on the disk by altering the magnetization of the particles.
This is done through a fringing field, which falls off by 50 percent
at a distance comparable to the gap length. Therefore any reduc-
tion in this gap to reduce the spacing between magnetic domains

Robert M. White Xerox Corp.

—and thus increase information density—implies a similar
reduction in the thickness of the recording medium and in the
space between the medium and the recording head.

However, as the recording coating is made thinner than the
1 micrometer already achieved, two serious problems arise. First,
since less and less magnetic material is included in each magne-
tized domain, or bit cell, the signal from the dish, when it is read
by the head, is reduced. Second, because the medium is made up
of individual magnetic particles, fewer such particles are included
in each cell. Therefore noise resulting from differences in size
among the particles becomes greater.

Furthermore, the standard process results in particles that are
porous and dendritic (needlelike). This tends to demagnetize the
particles and also makes it difficult to achieve a uniform disper-
sion. Smooth, ellipsoidal particles are better. The Sakai Chemical
Industrial Co. in Japan has recently developed a hydrothermal
process for producing gamma-Fe2O3 (gamma referring to the
crystalline structure) particles that appear very ellipsoidal with
smooth surfaces.

One way of getting bigger signals is to replace the particulate
dispersion with a continuous thin film of ferric oxide. Since these
films consist purely of magnetic material, rather than magnetic
particles in a nonmagnetic base, they have more magnetic
material in a given volume, thus increasing the readback signal.
In addition, the individual grains of oxide that make up the film
are much smaller than the particles in the conventional medium,
so noise due to granularity is reduced.

Sputtering is a key process

Fujitsu Laboratories Ltd. in Kawasaki, Japan, has developed
a reactive sputtering process to obtain such thin films of ferric ox-
ide [Fig. 1]. Sputtering is a process in which a target, consisting of
the material to be deposited, is placed opposite a substrate in a
vacuum chamber. The chamber is evacuated to a base pressure
on the order of 107¢ torr and then filled with argon gas to a
pressure of about 10 millitorr. When a potential of several
kilovolts is applied between the target and an anode, the argon
gas forms a glow discharge. Argon ions are accelerated to the
target, where they strike the surface and create an atomic colli-
sion cascade in the bulk. Some atoms reach the surface, travel
through the discharge, and are deposited on the substrate, which
may or may not be electrically biased.

In the Fujitsu process, an iron target is sputtered in an argon-
oxygen atmosphere, resulting in a film of Fe304 . This film is
then heat-treated in an oxygen atmosphere to convert the Fe304
into FepO3 . Typical performance parameters for sputtered oxide
films are listed in the table. Oxide media prepared in this manner
are expected to appear in subsequent generations of Fujitsu’s
Eagle disk drives.

This process of sputtering is central not only to continuous

Reprinted from /EEE Spectrum, vol. 20, pp. 32-38, Aug. 1983.
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[1] Sputtering is a key technique in the production of several new
magnetic-disk media, such as thin-film oxides, metallic media,
and vertical recording media. In the standard sputtering process
(A), argon ions in an evacuated chamber are accelerated to a
target cathode where they knock out (sputter) atoms from the
target and deposit them on the substrate. To speed the very slow
sputtering process, a magnetic field is used to confine the argon
plasma (B), creating a higher-density plasma with more argon
ions. This magnetron approach also prevents electrons emitted
from the cathode from reaching and heating the substrate.

thin-film oxides, but also to several of the other new disk
technologies. Unfortunately sputtering is a rather slow process
and requires expensive equipment. The problem of either im-
proving the sputtering process or of developing effective
substitutes is key in the development of these new disk materials.

One approach to speeding the sputtering is to use a magnetic
field to confine the argon plasma. With this ‘‘planar magnetron”’
geometry, a higher-density plasma can be created. Furthermore,
the electrons emitted from the cathode are prevented from
reaching the substrate where they would produce unwanted
heating, but the presence of a magnetic target material com-
plicates the design of such a magnetron source.

Fujitsu has been able to demonstrate recording densities of 2.5
megabits per centimeter squared with oxide film disks. With
special, narrow-gap heads (0.15-micrometer gaps), the
0.12-micrometer-thick film allowed even higher densities—up to
6 Mb/cm?. Signal-to-noise ratios of 36 decibels—higher than
conventional disk ratios of 25 dB—have been achieved. The
Fujitsu researchers believe that densities as high as 10 Mb/cm?,
more than five times current maximum densities, can be reached.

Cobalt for more coercivity

Fujitsu has added cobalt to its thin films to increase the coer-
civity—that is, the value of the magnetic field at which the

medium reverses its magnetization. Coercivity should be high
enough so the medium will not demagnetize spontaneously, but
no higher than the field produced by the writing head. Coer-
civities in the range of 300 to 700 oersteds are typically required.

In general, however, the higher coercivities ensure that there
will be a sharp demarcation between magnetic cells of different
orientation, increasing the sharpness of the pulse that detects the
cell boundary and thus the signal-to-noise ratio.

Since high coercivity is connected with highly anisotropic
magnetic properties—that is, with properties that vary greatly
with direction—and since cobalt has such properties, it is a
natural additive to increase coercivity. Cobalt has, in fact, been
used to increase the coercivity of magnetic tapes—in particular,
video tapes—by coating the outside of oxide particles. Recently
such cobalt-coated particulates have been applied to disks. The
Verbatim Corp. of Sunnyvale, Calif., for example, makes such
high-coercivity disks for use in the Apple office computer system
Lisa, and Dysan Corp. in Santa Clara, Calif., is providing disks
to various manufacturers for evaluation.

Metallic media explored

An inherent drawback of oxide media is that the oxygen
dilutes the magnetization. Since the output signal is proportional
to the magnetization, as researchers go to thinner and thinner
coatings in the quest for higher linear densities, the signal-to-
noise ratio eventually becomes a limiting factor. This has
prompted much work on pure magnetic metals, such as iron,
cobalt, and nickel. Their magnetizations are an order of
magnitude larger than those of oxides.

But the anisotropy associated with iron and nickel, which
determines the coercivity, is in general too small for recording
purposes. Therefore the focus has been on cobalt films. The
Ampex Corp. of Redwood City, Calif., has just begun limited
marketing of cobalt film metallic disks at costs matching those of
Winchester disks. Though the technology for metallic disks has
existed for several years, IBM’s resistance to the disks has until
recently inhibited their commercialization. IBM’s main objection
was that the disks were liable to corrode, although in Winchester

o e X Dso
\
/ Plated
—
201~
8 Dig
)
g
= 10+
=
Oxide
o
| 1 ]
20 40 60 80
Recording density, thousands of flux reversals per inch

[2] Plated metallic media (top line), having more magnetic
material per unit volume than oxide media (bottom line), show a
more gradual decrease in signal-to-noise ratio as recording densi-
ty increases and the size of magnetic domains decreases. The
signal-to-noise ratio of the oxides declines by 6 decibels (D5,
which denotes half the signal strength) at only about 25 000 fTux
reversals per inch, while this decline is not obtained until 70 000
flux reversals per inch for plated media.
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3] The demagﬁe't&atiqh problems existm
reduced by perpendicular magnetization (B)

pole head, a ring head can also be used (C).

neighboring opposing domains reinforce, rather than conflict with
another. While initial vertical magnetic recording schemes used a

drives, where the heads and media are enclosed in a controlled
environment, this is not a great problem.

A number of processes are used to produce metallic film disks.
Ampex uses electroless deposition—in which a solution contain-
ing cobalt ions is prepared from cobalt chloride, for example. A
reducing agent, such as sodium hypophosphite, is added. The
microstructure of the resulting film depends upon the conditions
of the bath—the pH and the temperature. The pH is generally
controlled by the addition of sodium hydroxide.

As with the gamma-FeO3 films, smoothness is important. In
the so-called ALAR process developed by Ampex, a 6-
micrometer layer of nonmagnetic nickel-phosphorus is elec-
trolessly deposited on an aluminum substrate for protection
against head impacts. This is then polished to 0.05 micrometers,
peak to valley, before a 0.03-to-0.06-micrometer film of cobalt
phosphorus is electrolessly plated.

Although electroless plating requires a relatively low capital
investment, its operation has a number of drawbacks. In
particular, the solution cannot be reused, and its disposal may
present an environmental problem, thereby raising costs.

Another technique for obtaining metal films is electroplating,
wherein an applied potential is used to reduce the cobalt ions.
Again, a buffering agent must be added to maintain a constant
pH. One advantage of electroplating is that the current density is
an additional parameter for controlling the deposition process.
This also permits fast deposition, and the solution can be reused
repeatedly. On the other hand, neither electroplating nor elec-
troless deposition are convenient for obtaining alloy films.

The sputtering process previously described is particularly well
suited for alloys. Being a vacuum-deposition process, it is also in-
herently ‘‘cleaner’’ than the plating processes.

Evaporation can also be used to obtain metal films. IBM has
been exploring the use of electron-beam heating to evaporate
films of (Fep.5Co(.5)0.85Cr0.15- By evaporating the substrate at
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an oblique angle, the easy axis of magnetization can be oriented
circumferentially. The 15 percent chromium inhibits corrosion.

Because metallic media contain more magnetic materials per
unit volume than do oxide media, just as thin-film oxides contain
more than particulate oxides, they can support a higher recording
density without diminishing the signal-to-noise ratio [Fig. 2]. Ex-
periments have confirmed that metallic disks can achieve den-
sities at least five times higher than those in conventional par-
ticulate oxide disks, or about 10 million b/cm?, comparable to
what can be achieved with thin-film oxides.

Vertical recording

In looking into changes in recording techniques to increase
disk densities, researchers have focused on vertical recording and
its advantage of reduced self-demagnetization. In horizontal
recording, when a transition is made from one magnetic orienta-
tion to another, the north or south poles of the neighboring cells
are adjacent. Just as the poles of two magnets laid end to end in
this manner weaken each other, so the cells tend to demagnetize
each other, and the tendency gets worse with smaller cells. In ver-
tical recording, however [Fig. 3], the opposing poles of the two
cells lie next to each other, so the magnetic fields reinforce each
other. This produces an extremely sharp cell boundary and thus
the possibility of smaller cells.

But there are difficulties in creating media with vertical
magnetic orientation. Since the media are far wider than they are
tall, shape anisotropy makes it much easier for magnetic
moments to lie in the plane of the media—a lower energy situa-
tion than the perpendicular orientation. This tendency must be
overcome for vertical media.

One route to at least partially achieving vertical alignments is
to develop isotropic media—media that have no intrinsic orienta-
tion and that therefore allow themselves to be vertically oriented
by an external field. The Spin Physics Division of Eastman



Kodak in San Diego, Calif., has successfully developed such an
isotropic medium based on particulate oxides [Fig. 4]. It is cur-
rently being used in tapes that Spin Physics is marketing for in-
strumentation recorders. Several disk-drive manufacturers are
now assessing its potential for application to disks.

To achieve isotropy, the iron oxide particles are doped with
cobalt in such a way that the cobalt’s natural crystalline
anisotropy competes with the shape anisotropy of the particles.
The net result is a uniform magnetization.

When an isotropic medium is subjected to the fringing field of
a recording head, both horizontal and vertical components are
recorded [Fig. 5]. Since there is a phase shift between the two
components, reinforcement can be achieved if the gap is made
very small. James Lemke of Spin Physics has shown that very
high recording densities can be obtained with extremely small
(0.25-micrometer) gap heads.

The Spin Physics medium has demonstrated a signal-to-noise
ratio of 48 dB at a linear density of 15 000 flux reversals per centi-
meter. Since this is far above the 25 dB generally required for
digital recording, it can be calculated that tracks only 2-micro-
meters wide would still give good performance. This implies a
maximum density of 75 million b/cm?—almost eight times better
than the density promised by any other medium so far.

One possible drawback of the Spin Physics medium, however,
is that particles doped with cobalt (as opposed to coated with it)
have coercivities that are temperature-dependent, about 10
oersteds per degree Celsius.

Cobalt-chromium alloy tried

An alternative, and more widely pursued, approach is to
develop a medium that will support only vertical magnetization.
The first successful effort to do this occurred in the mid-1970s
when S. Iwasaki and his colleagues at Tohuku University in
Japan showed that when a cobalt-chromium alloy is sputtered
onto a substrate, a vertical anisotropy can be induced.

In the case of pure cobalt, the anisotropy induced in the sput-
tering process is not enough to overcome the demagnetizing
field. Dr. Iwasaki, however, recognized that by alloying the
cobalt with chromium, which is easily done in sputtering, the
magnetization, and hence the demagnetizing field, would be
reduced. Indeed, films containing more than 13 percent atomic
chromium have a perpendicular magnetization. Fortunately they
also have coercivities in a range that makes them practical.

Dr. Iwasaki proposed writing on such media with a single pole
head resembling a bar magnet. He also suggested a permalloy
underlayer beneath the Co-Cr film to provide a return path for
the magnetic flux. As these features all represented major depar-
tures from the existing technology, vertical recording remained
simply a curiosity for a number of years. However, in 1980
Robert Potter and Irene Beardsley of IBM Research Lab-
oratories in San Jose, Calif., showed, by computer modeling,
that one could reap some of the higher-density benefits from a
vertical medium with a standard Winchester head. This finding
accelerated interest in this technology, and it is now being actively
developed. Dr. Potter left IBM to help found the Lanx Corp. in
San Jose, Calif., which plans to offer sputtered vertical media for
rigid disk drives. Another company, Vertimag Systems in Min-
neapolis, Minn., is developing a flexible disk drive on vertical
media. But the most ambitious efforts in developing this
technology are being conducted in Japan.

Almost every well-known Japanese electronics company is in-
vestigating vertical recording. Some are focusing on consumer
applications, others on data storage. Toshiba has already an-
nounced a flexible disk drive based on the Co-Cr medium that it

hopes to have in production in two years. It reports a linear den-
sity of 20 000 flux reversals per centimeter. On a 3%2-inch disk
with a track density of 57 tracks per centimeter, this translates in-
to 3 megabytes per side.

The Anelva Corp. in Toyko is developing a continuous roll-
feed sputtering process and expects to produce flexible disks with
vertical magnetization. However, at present this medium is not
durable enough to be used in contact recording.

Electroplating instead of sputtering

Alternatives to sputtering are also being explored. Tu Chen of
Xerox and Pietro Cavallotti of the Milan Polytechnical Institute
in Italy have developed an electroplating process for obtaining a
vertically oriented medium. Cobalt films were electroplated from
solutions of cobalt sulfate. It was found that at a pH of 6.5 and a
current density of between 10 and 20 milliamperes per centimeter

Jim Lemke

-~

[4] Scanning electron micrographs (magnified 20 000 times) of
the surface of Spin Physics’ isotropic magnetic medium (top)
shows an absence of the graininess evident in the conventional
floppy disk such as one from IBM (bottom). Symmetric particles
disperse more uniformly than the needlelike particles in conven-
tional medium. The small grain size, combined with the
medium’s ability to use both vertical and horizontal magnetiza-
tion, increases the recording densities.

75



squared, the cobalt was deposited in the form of needlelike
crystals, with both the axis of the particle and the hexagonal
crystal axis normal to the film.

As a result, both the crystalline and the shape anisotropy favor
vertical orientation of the magnetization. The particles are
isolated by nonmagnetic material that is segregated in the grain
boundaries during the cellular growth. At higher current den-
sities the film growth is dendritic, much like ice crystals, with a
mixture of orientations. Magnetically this oriented cobalt is a
candidate for vertical recording, but its recording properties have
not yet been determined.

Another alternative is based on barium ferrite particles. These
particles are single-domain hexagonal platelets less than 0.2
micrometer in diameter. The crystalline anisotropy of these par-
ticles results in the magnetization being perpendicular to the
plane of the platelet. Thus, when such platelets are coated onto a
substrate, they tend to lie flat and a vertically oriented medium is
obtained. This approach has the advantage of being compatible

with conventional coating techniques and is corrosion-resistant.
Toshiba is establishing a tape-manufacturing capability based on
these particles.

There is debate as to just how advantageous vertical recording
will turn out to be. Some resolution curves show linear densities
in excess of 50 000 b/cm. However, the readback voltage for nor-
malized track width tends to be small with chromium-cobalt
alloys. LANX’s first disks, for example, designed for use with a
Winchester head, will have a conservative linear density of 8000
to 10 000 flux reversals per centimeter.

Vertical media need not be extremely thin to have high re-
cording density, and this may be a great advantage in manu-
facturing, if the problems of sputtering and its alternatives can be
overcome.

Magnetooptical recording: a radical approach

The most radical departure from conventional magnetic disks
now under investigation is magnetooptical recording. In this ap-

Disk basics

electromagnet, producing a magnetic field that orients the
direction of magnetization along a track in a nearby magnetic
medium—a disk or tape. When such an oriented magnetic
pattern passes under the electromagnet, it produces a
voltage in the coil, allowing the record to be read. The com-

is mounted along the radius of the disk is called the head. In
flexible—or floppy—disk drives, the heads make contact with
the medium. To minimize wear, such disks typically turn at 300
revolutions per minute. In higher-performance drives, where
much faster access time is desired, rigid disks that turn at
3600 rpm are used and the heads “fly” above the disk on an

storage module drive. - . ~

For digital applications, where it is desirable to have the
field of the medium fully parallel or fully antiparallel to the
magnetizing direction, the medium must be strongly anisotro-
pic—that is, it must respond much more readily to magnetic
fields along a certain axis than along any other axis. Such
anisotropy can be caused either by the crystalline structure of
the magnetic material, which creates preferred magnetiza-

magnetic particles. An ellipsoidal particle, for example,
orients magnetic moments along the long axis of the ellipse.

In the material commonly used for disks, gamma-FeoO3
(gamma referring to the crystalline structure), shape aniso-
tropy is used, since the natural form has the highly symmetric
- -cubic crystal structure. To grow needlelike particles, crystals
of oxohydroxide alpha-(FeO)OH are first grown, because they
have a naturally elongated shape. These are then chemically
converted into gamma-Fes03.

are first mixed with an epoxy. A phenolic is then added to
crosslink the epoxy into a solid. “Paint additives” control the
flow of the coating. After filtering, the mixture is coated onto
Mylar sheets or spin-coated onto aluminum disks. Because of
the needlelike shape of the particles, they tend to lie in the
plane of the medium.

The familiar floppy disks are cut from the coated Mylar. The
particles here are irregular and unoriented in the plane of the
disk. In the case of rigid disks, they are spun in a magnetic
field during the drying process to orient the particles tangen-
tially. The disks are then cured, polished, and cleaned.

In 1979 IBM replaced the hand-wound, ferrite-core inductive
heads with a thin-film version, consisting of a permalloy yoke

fabricated so that when it is not energized, the magnetization
of the permalloy lies parallel to the track width and the plane
of the disk. When a write current flows through the coils, the

- - ; . ; - 1 o
Magnetic recording occurs when a current passes throughan l§/ head

bination of the electromagnet and the structures on which it

Read-write

Magnetic disk

airflow cushion (A). The most popular rigid disk drives today
are the Winchesters, which are derived from IBM's 1973

tion directions along a crystalline axis, or by the shape of

To construct a recording medium with these particles, they
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[5] Isotropic media exploit the fact that fringing fields
from heads have both horizontal and vertical com-
ponents (A). A plot (B) of horizontal field strength
from horizontal media (brown lines) and isotropic
media (red lines) for head-height-to-gap-width ratios
of 1.5, 2.0, and 2.5 shows that isotropic media can
produce much higher field strengths when the head is
close to the medium.
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[6] In magnetooptical recording, a writing laser beam heats a
small region so that it can be magnetized. Reading (A) uses
another weaker linearly polarized beam. Because of the Kerr
effect, a beam reflected off a vertically magnetized material will
be elliptically polarized with a small component in the
y-direction. The orientation of the component—plus y or minus

proach, recording is done by raising the temperature of the
recording medium by way of a focused laser beam, thus reducing
its coercivity. A magnetic field is simultaneously imposed, the
beam passes on, the temperature drops, and the magnetization is
then resistant to change, except by the same process. Reading is
done by either the Kerr or the Faraday effect.

In the Kerr effect [Fig. 6], a linearly polarized beam reflected
off a vertically magnetized surface will have its polarization part-
ly rotated. This creates an elliptical polarization, with the axis of
the ellipse depending on the direction of magnetization. The
perpendicular components of the polarization can then be
separated and measured to detect the direction of magnetization.
The Faraday effect is similar, but the polarized beam passes
through the material rather than being reflected from its surface.

Vertically oriented media must be used in magnetooptical
techniques to achieve the maximum effect. However, the mag-
netooptical approach has advantages over simple vertical re-
cording. Its reading technique does not depend on the volume of
magnetized material, so potentially better signal-to-noise ratios
can be obtained for equivalent aerial densities. The size of the

77

y—will indicate the magnetic field orientation in the media. Since
the signal is weak, some magnetooptical disk designs use a four-
layer structure (B), which cancels out the portion of the incident
beam reflected from the surfaces above and below the magneto-
optical layer while allowing the signal originating within the layer
to be reinforced, thus increasing the signal-to-noise ratio.

magnetized cell is limited only by the wavelength of light used
and, with ultraviolet lasers, could yield densities as high as several
hundred Mb/cm?. In addition the laser can be quite distant
(several millimeters from the disk), eliminating the problems of
small head-to-disk clearances.

A number of companies are working to develop magneto-
optical disks. NV Philips Gloeilampenfabrieken of Eindhoven,
the Netherlands, and the Sharp Corp. in Japan have already an-
nounced prototypes of small disk drives. The Philips system
stores 10 megabytes on a disk 5 centimeters in diameter—between
10 and 100 times more than a conventional 13-cm floppy disk.
The packing density of 4 Mb/cm? is twice that achieved with
rigid-disk systems. Philips has said that its product, to be avail-
able in about two years, is aimed at such applications as personal
computers and text-processing units.

The Philips disk consists of a 500-angstrom-thick magnetic
film deposited over a transparent, 3-mm-thick plastic substrate.
A 3-milliwatt laser records 2-by-5-micrometer spots in
S-micrometer-wide grooves and reads the disk by the Faraday ef-
fect at a power of 1 mW. Access times are about 50 ms—nearly 10



times better than those of floppy disks.

Choice of materials studied

The development of magnetooptical recording has been
limited for many years by the want of a suitable medium. More
than a decade ago, IBM developed a system based on Eu-con-
taining Fe. However, this medium had to be cooled below room
temperature. This was followed by the material MnBi. In this
material, however, the magnetic switching is accompanied by
atomic motion, which, after many cycles, causes deterioration in
the magnetic properties. In addition, the graininess of these
crystalline films creates noise problems.

More recently attention has focused on amorphous rare-earth
transition-metal alloys. An amorphous film lacks grain boun-
daries and thus reduces noise levels, while the compositions may
be readily changing to give desirable magnetic properties. Com-
binations such as TbFe, GdCo, GdFe, GdTbFe, and TbDyFe
(used by Sharp) and GdFeBi (used by Philips) are being ex-
amined. All these materials have acceptable Kerr rotation angles
and are easy to make into vertical media, generally by sputtering.

In these substances magnetic moments of the rare earths are
antiparelleled to those of the transition metals. (Such materials
are termed ferrimagnetic.) The temperature dependencies of
these moments are quite different. The terbium moment is larger
than the iron moment at low temperatures. As a result of the
antiparelleled alignment, there is a temperature, below the Curie
temperature, where the two will just cancel. This is called the
compensation temperature. This temperature can be varied by
changing the composition.

The compensation temperature is useful for recording
because, as this temperature is approached, the magnetic mo-
ment drops relative to the anisotropy, and the coercivity rises, be-
coming theoretically infinite at the compensation temperature. If
the compensation temperature is set slightly below room
temperature and the medium is heated by a focused laser beam,
the coercivity will decrease. When the coercivity falls below the
value of an applied field, the magnetization in the heated region
will align itself with the field. Notice that this writing process does
not require heating to the Curie point. In fact, cobalt may be
added to the material to raise its Curie temperature.

This writing scheme is advantageous not only in reducing
energy requirements. More important, the Kerr effect decreases
as the Curie temperature is approached. With low temperatures,
the signal may be reduced because of the heating during readout.
But with materials with high Curie points and low compensation
temperatures, writing and reading can be accomplished without
approaching the Curie point. In addition, when the overall level

Parameters of coated and sputtered oxide disks compared
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of magnetization is small, as it is in the vicinity of the compensa-
tion point, the surface demagnetization field is also small, mak-
ing it easier to achieve a vertical orientation of the medium. For-
tunately the Kerr rotation does not drop in step with the magnetic
moment, since the proportionality between rotation and moment
differs for each element in the alloy. In TbFe, for example, the
rotation is governed largely by the iron.

Magnetooptical recording suffers from its own type of signal-
to-noise ratio problems. The Kerr and Faraday rotations are
quite small—generally below 1°—so the readout signal is also
small. One solution is to reinforce the rotation effect by optical
interference. A four-layer coating is used here: a dielectric
overlayer, the thin recording layer, a second dielectric, and an
opaque reflector. When the beam is polarized along the X direc-
tion (horizontally), as in the incoming beam, part is reflected off
the top of the magnetooptic layer and part off the reflector.

The thickness of the layers is chosen so that the two reflected
beams interfere with and cancel each other. The light that is
rotated to a vertical polarization by the magnetic layer, however,
is reinforced by the reflection. The result is that the strength of
the rotated component relative to that of the unrotated compo-
nent is increased, as is the signal-to-noise ratio.

To probe further

A good source of general information on thin-film preparation
is the Handbook of Thin Film Technology, Leon 1. Maissel and
Reinhard Glang, Eds., McGraw-Hill Book Co., New York, 1970.
For a more specific review of magnetic media, see G. Bate in Ferro-
magnetic Materials, Chapter 7, Vol. 2, E.P. Wohlfarth, Ed.,
North-Holland Publishing Co., New York, 1980.

Many of the developments in magnetic recording are presented
at the annual International Magnetics Conference (Intermag), the
proceedings of which are published in the JEEE Transactions on
Magnetics.

Iwasaki’s demonstration of vertical recording is found in /JEEE
Transactions on Magnetics MAG-14, 849 (1978); and Lemke’s in-
troduction to isotropic media is given in IEEE Transactions on
Magnetics MAG-15, 1561 (1979). Another general source of articles
on magnetic media and heads is the proceedings of the annual
Conference of Magnetism and Magnetic Materials, which are
published in the March 1982 issue of the Journal of Applied
Physics.

Systems aspects of magnetooptical recording are found in the
optical recording literature. A particularly good source is pro-
ceedings of conferences sponsored by the Society of Photo-Optical
Instrumentation Engineers (SPIE). For example, Optical Disk
Technology, the proceedings of the SPIE 329 (1982) contains a
number of very good articles.

A particularly useful collection of papers dealing with detailed
aspects of media preparation is the proceedings of the Symposium
on Magnetic Media Manufacturing Methods held in Honolulu,
Hawaii, May 25-27, 1983 published by Magnetic Media Informa-
tion Services (Chicago).
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On the Coercivity of vFe,0; Particles

D. F. EacLE axD J. C. MALLINSON
Ampex Corporation, Redwood City, California

Over the temperature range —180° to 300°C, measurements have been made of the coercivity of
5:1 acicular yFe;O3 particles. Samples of two different lengths, 2000 and 6000 &, were included in the
study. The coercive force is linearly dependent upon two terms, shape (M) and magnetocrystalline
(BK/M). These may be separated by reducing identical particles to Fe;O, and measuring their coercive
force at the isotropy point —143°C, yielding the shape factor «. It is found that the shape term ac-
counts for approximately 679, of the observed room-temperature coercive force. The shape term is
almost independent of particle diameter and fits well with the ‘‘chain-of-spheres” reversal model. The
remaining 339, of the coercivity has the same temperature dependence as the coercive force of cubic
vFe 03 particles, thus confirming its magnetocrystalline origin.

The room-temperature coercivity of cobalt-doped cubic particles was measured as a function of
particle diameter. Over the diameter range 300-1000 A the data again fits the linear addition of shape
and magnetocrystalline terms. The shape term is diameter-dependent and fits the micromagnetic

“curling” reversal model which has been found previously only in metallic whiskers.

INTRODUCTION

ONSIDER a fine particle held uniformly mag-
netized by a large field parallel to an easy axis. As
this field is reduced to zero and increased in the opposite
direction, there are two critical fields of interest. At
some field, called the nucleation field, H,, the mag-
netization starts to reverse. Dependent upon the subse-
quent stability of this state, the magnetization may
either reverse completely, so that H,=H,, or, in the
event of partial reversal, a further change in field may
be required to reach the coercive force 4,. The equality
of the nucleating and coercive fields has been rigorously
proven only for infinitely long cylinders of any radius
and for uniform rotation in small particles of any shape.?
The critical radius for uniform rotation, R, is found to
be close to the value A2M~") where .1 is the exchange
constant.

The critical fields are due to the linear addition of two
terms: the local effect of crystal anisotropy K, and the
effect of magnetostatic fields, arising from particle
morphology and inter particle interaction, termed shape
anisotropy. Thus,

Ho=aM~+B(K/M).

The calculated shape factors, a, fall into two classes.
Those associated with reversal modes in which the mag-
netization remains locally uniform lead to «, dependent
only on particle shape. Examples are the “rotation-
in-unison”? and the “chain-of-spheres” models. On the
other hand, the nonuniform reversal models, termed
“curling” and “buckling,” ! lead to size-dependent shape
factors of the form a=kRZR>— 11, where Ny is the
major-axis demagnetizing factor and % is a dimension-
less factor of order unity.

YE, H. Frei, S. Shtrikman, and D. Treves, Phys. Rev. 106,
446 (1957).

2. C. Stoner, E. P. Wohlfarth, Phil. Trans. Roy. Soc. 240,
599 (1948).

31. S. Jacobs and C. P. Bean, Phys. Rev. 100, 1060 (1955).

For uniform reversal modes, the anisotropy field fac-
tor 8 is of the order unity. In the case of nonuniform
reversals, the theoretical situation is more complicated:
the nucleation field due to anisotropy is of order unity
regardless of particle size; the coercive field factor due to
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I'16. 1. Coercive force vs temperature for pure yIe;0; acicular
and equant particles.

anisotropy is some decreasing function of particle size.
The precise form of this decreasing factor has not yet
been calculated.

ACICULAR PARTICLES

The coercive force and saturation moment of two
commercial acicular yFe,O; powders have been meas-
ured over the temperature range —180°C to 4 300°C.

¢ A, Aharoni, Rev. Mod. Phys. 34, 227 (1962).

Reprinted with permission from J. Appl. Phys., vol. 38, no. 3, pp. 995-997, Mar. 1, 1967.
Copyright © 1967 American Institute of Physics.
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Both types showed, by electron microscopy, length-to-
width ratios of approximately 5:1. Chemical purities
were better than 999,; and the saturation moments at
room temperature were between 340 and 350 G (versus
the theoretical figure of 370 G). The mean particle
lengths were approximately 2000 and 6000 A, respec-
tively. The coercive force data is similar to that pre-
viously reported.®

The temperature variation and magnitude of coercive
force were found to be quite similar, suggesting a locally
uniform reversal mode. In order to separate the shape
and anisotropy contributions to the coercive force, one
of the samples (6000 A length) was chemically reduced
to Fe;0, for which K=0 at —143°C.% At this tempera-
ture the Fe;O, coercive force is determined solely by
shape. This shape factor will be exactly correct for
vFe, Qs if the reversal is locally uniform. If the reversal
is nonuniform the shape factor will be slightly different
from that applicable to yFe.O; due to the small differ-
ence in the critical radius Ry= AY2M~1.

Assuming a locally uniform reversal, we write the
shape contribution to the coercive force of yFe,O; as

Hc= (Hc/Ms)OMs

(where subscript O refers to FesOs at —143°C) as
plotted in Fig. 1.

The residual fraction of the coercive force, which
varies from 30-409,, is presumed to be of magneto-
crystalline origin. This presumption was confirmed as
follows. The magnitude and temperature coefficient of
the coercive force of 700 A diameter equant particles of

5 A. H. Morrish and L. A. K. Watt, J. Appl. Phys. 29, 1029
(1958).

¢L. R. Bickford, et al., Proc. Inst. Electr. Eng. B104, 238
(1957).
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vFey0s, for which =0, was measured (see Fig. 1). By
curve fitting it was found that, over the whole tem-
perature range, the residual fraction was equal to
0.80-+0.04 of the equant particle coercive force. Thus
we have

H,.=0.56M,+0.80H,(equant) &5 Oe.

The shape factor 0.56 may be compared with the theo-
retical factors applicable in the absence of particle
interactions. For unoriented samples switching by co-
herent rotation this is 0.479X 2 and for the chain-of-
spheres asymmetric fanning mode 1.08. We may crudely
allow for interactions by applying the (1-p) packing
factor correction, yielding, for the 409, volume packing
measured in these experiments, a corrected chain-of-
spheres shape factor of 0.6X1.08=0.65, in fair agree-
ment with the data.

EQUANT PARTICLES

Data have been taken at room temperature on the
coercive force of several unoriented samples of cobalt-
doped yFe,03 equant particles, prepared by P. Hwang
of the authors’ company. All such samples showed an
essentially cubic shape and had saturation magnetiza-
tions within 909, that of pure yFe;Os;. The principal
variables studied were the cobalt content and the
particle size.

It was found that the cobalt content had no effect
upon the coercive force, which depended only upon the
particle size (see Fig. 2). This implies that either K/M
is not a prime factor controlling the coercivity or that
K /M is independent of cobalt doping in the 3-69, range
used in this work. The latter was found, by measure-
ments of the ferromagnetic resonance line width,” to be
the case. These measurements showed that whereas
cobalt dopings below 39, had, as expected, anisotropy
constants proportional to the cobalt level, cobalt doping
in the range 3-69, always produced K values of about
+10°% ergs/cc. This behavior was not investigated
further.

The coercive force for uniform rotation (0.64K/M) is
therefore expected to be approximately 1750 Oe. That
the measured coercive force is strongly dependent upon
size indicates a nonuniform reversal mode. While the
authors are aware of the distinction between nucleating
and coercive fields, we should like to point out that the
nucleating field calculated for curling in spheres fits the
data quite well. The curling equation used was

H,=[27(1.39) (do/d)?— 47 M +0.64 K /M.

The only adjustable parameter in the curve fitting is
the critical diameter doy=2A4Y2M~1. A value of dy=150 A
was chosen, which assumes a value of 1077 erg/cm for

7 E. Schlomann, Proc. Conf. Magnetism, Magnetic Materials,
AIEE Spectrum Publication T-91, 600 (1956).



ON THE COERCIVITY

the exchange constant 4. However, this constant is not
accurately known (the values quoted in the literature
for pure iron span a factor of ten).

CONCLUSIONS

Acicular particles switch in a mode similar to the
asymmetric fanning chain-of-spheres model with some
magnetocrystalline anisotropy added. Presumably the

OF yFe:03; PARTICLES

chain-of-spheres mode occurs because of the irregular
particle shape and/or the polycrystallinity of the
particles.

We find the coercive force of cobalt-doped yFe;O;
cubes to be strongly dependent upon particle size, which
indicates nonuniform reversal modes. This size de-
pendence may be fitted, perhaps fortuitously, to that
calculated for nucleating by curling.
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MAGNETIC PROPERTIES OF INDIVIDUAL ACICULAR PARTICLES

J.E. Knowles

f

Abstract — A review is made of the work on the
measurement and interpretation of the properties of
individual particles, of the type incorporated into
recording tape. It was shown that the remanent
coercive force H.(0) of particles of any of the
materials measured covered a range of several hundred
Oersted. A high proportion of the particles were
multiple, that is they comprised several particles
lying side by side: it is known that most of the
particles in recording tape are of this type. An
investigation was made of the nature of the reversal
process, and of the origin of the range in H,.(0), for
particles of y-Fey03, CrO; and metal powder (iron).

The variation of H (0) with angle between the field and

particle axis was determined for y-Fey03 and CrOj.
The results of the above work were used in an attempt
to synthesize the remanent loop of a tape from the
knowledge of the properties of its constituent
particles.

1. INTRODUCTION

This paper reviews the work [1,2,3] on the
measurement and interpretation of the properties of
individual particles, of the type used in the
manufacture of recording tape. An immediate objective

of the investigation was to attain a better understand-

ing of the magnetisation reversal process in such
particles, and this aim was to some extent realized.

A long term objective was to be able to predict the
magnetic properties of the recording tape from a know-
ledge of the properties of its individual particles,
but attainment of this aim is certainly some way off.

There are many papers in the literature on the
theoretical properties of idealized particles, both in
isolation and packed together in a compact, and on the
actual properties of compacts of acicular particles:
see e.g. [4]. However, without a knowledge of the
properties of isolated real particles, attempting to
reconcile these two viewpoints is an unrewarding task.
This was of course recognised a long time ago, and in
1955-6 Morrish and Yu [5] made the first measurement
of the coercive force of a single particle of y-Fej03.
This experiment, which was of exceptional difficulty,
showed that the coercive force was 800 Oe, which even
allowing for the effect of packing is much greater
than that of a recording tape, which was then probably
around 250 Oe. Although this result was very valuable,
the fact that it referred to only one particle was a
limitation which the present work overcame.

In what follows, the experimental method is first

briefly described, and results are then presented for
the remanent coercive force of large numbers of
particles of each of the commonly used materials,
e.g. Y-Fe03, CrOy and metal powder (iron). Experi-
ments to determine whether the particles are single
or not are also discussed, together with the factors
which contribute to the range in coercive force found
in particles of a given sample. Observations to

find the variation of the coercive force with angle

between the particle axis and the applied field are also

described. Finally, as a first step in attempting to
realize the long term aim mentioned above, an attempt
Manuscript received March 23, 1981.

Philips Research Laboratories,
Redhill, Surrey RH1 5HA, England.

was made to use the results obtained on a sample of
Y-Feg03 particles to synthesize the remanent loop
of the corresponding tape.

It is a common practice to use cgs units when
discussing recording materials, and this is followed
here. Values of field are also given in MKS units.

2. EXPERIMENTAL METHOD

The method of measurement [1,2] is now briefly
described.

A very dilute suspension was made of the
particles in a transparent viscous lacquer, and the
particles observed with the highest power of the
optical microscope, the image being displayed on a TV
monitor. The dilution was such that in general only
one particle was visible on the TV screen. A brief
search was made to locate a sultable particle for
measurement, i.e. one that was apparently single and
remote from its neighbours.

The particles were aligned with a continuously
applied field of a few Oersted, and an opposing pulse
field applied. If the magnitude of this was
sufficiently large to reverse the magnetization of
the selected particle, then under the influence of
the small field the particle subsequently rotated
through 180°, and so by a process of successive
trials and interpolation the remanent coercive force
was quickly determined: since the packing density p
was very nearly zero this was designated H,(0).

After each 'trial' pulse, the particle was put into
the remanent state M (~) by applying a large 'set'’
pulse, of the same sense as the 'trial' pulse. Since
the pulse direction was opposed to that of the small
constant field, the particle then rotated, and so was
then conveniently ready for the next trial. By
measuring the rate of rotation of the particle upon
reversing the small field, the reduced remanence

M (H)/Mp(«) could also be obtained. It was noted
that if the magnitude of the pulse field happened to
be nearly the same as Hp(0), then the particle rotated
very slowly and came to rest with its axis making an
angle of approximately 90° to the constant field, as
predicted by Tjaden: see [6].

The advantages of the above procedure were:

1) The measurement procedure was easy, so that a large
number of particles were measured. This was an
important advantage, for it was found that there was
a wide variation in properties between the particles
of a particular sample.

2) The reverse field was automatically applied along
the magnetic axis of the sample.

3) The particle under observation could be readily
photographed.

This last point leads to a consideration of the

limitations of the technique:

4) Whilst optical microscopy was adequate to indicate
whether the object under examination was nominally a
single particle, it was quite inadequate to reveal
any correlation between the appearance of a particle
and its properties.

5) The properties of a particle could be measured only
in a remanent state, so it was not possible to
measure e.g. My()/Mg.

6) The observer had to decide whether to measure a
particular particle or not, which meant deciding

Reprinted from IEEE Trans. Magn., vol. MAG-17, pp. 3008-3013, Nov. 1981.



whether it was single or an agglomerate. Some
assistance was found by watching the particle as
it rotated, when an erstwhile 'single' particle
was sometimes seen to be double. A similar effect
was occasionally noted when a large pulse field
was applied.

3. RESULTS AND INTERPRETATION

Y~Fej03

Measurements of remanent coercive force H,(0)
were made on from 25 to 100 particles of y-Fep03
from several sources, and the results for each sample
plotted as a histogram as shown in Fig. 1. Similar
histograms were obtained for all the materials examined
(Cr0y etc.), being approximately Gaussian in shape,
and having reduced standard deviations in the range
0.15 < o/H (0)(mean) < 0.25 but truncated at
~ 0.6H;(0)(mean). The mean of Hy(0) is not of much
significance, for Hy of an assembly of aligned, widely
separated particles is given by the median value.
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Fig. 1. Histograms of H, for 50 particles of

y-Fe03 from (a) sample A; (b) sample C.

The histogram of Fig. la (sample A) was obtained
for particles suspended in a dilute lacquer which was
specially prepared by a tape factory, and further
diluted for use in the experiment. The histogram was
one of the narrowest found, and it was at first
believed that this was due to the particles having
been subjected to a very long milling procedure in
order to produce a very good dispersion for use in
this experiment. Trials using a different grade of
oxide indeed showed that a prolonged milling appreciab-
ly narrowed the histogram. However, a batch of the
same oxide as sample A was subsequently dispersed in
the laboratory. This suspension gave a histogram
very similar to that of Fig. la, indicating that this
particular grade of oxide had an intrinsically narrow
range of H,.(0).

For sample A, H,.(0)(max) was much less than the
value of H (0) found by Morrish and Yu [5], which was
disquieting. Accordingly, a fresh tape of 'studio'
quality was obtained, and the particles removed and
dispersed in the laboratory. As shown in Fig. 1b,
the histogram then obtained (sample C) had a much
greater range than that of Fig. la. The value of
H,.(0)(max) was 1070 Oe (85 kA/m), which is considerab-
ly more than the 800 Oe (64 kA/m) observed by Morrish
and Yu: there is then no discrepancy between their
result and those of the present work.

Besides the histograms, remanent loops were
also obtained for a few particles from samples A and
C. Figure 2a shows the loop of an inferior particle
of sample A, and Fig. 2b that for the particle of
sample C having the largest value of H.(0). That of

sample A has a loop of poor rectangularity, a low value
of H.(0), and the magnetization can adopt states inter-—
mediate between *Mp(»). Obviously this does not

accord with the theoretical loop of the conventional
particle, which is perfectly rectangular. The loop of
the particle of sample C is much closer to this ideal.
As for a particle of CrO; measured previously [1],
Hp(0) was a little irreproducible, and so to obtain

the loop shown in Fig. 2 no 'set' pulse was used. It
is not known whether the magnetization could be set to
values lying on the steep side of the loop.
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Fig. 2. Remanent loops and photographs of particles

of y-Fep03. (a) an 'inferior' particle,
0.9 ym long, of sample A; (b) the 'best'
particle, 0.6 ym long, of sample C.

The existence of particles having very
inferior properties raises questions as to whether
these particles are single or not, and whether they
are truly representative of those found in the
corresponding tape. To determine the first question,
the particles in the sample tube were first carefully
demagnetized, the tube placed under the microscope,
and the remanent magnetization Mp(ac) of a particle
determined, in arbitrary units. Without removing the
sample tube, a saturating pulse field was applied,
and the remanence found of the same particle. Now an
ideal single particle cannot be demagnetized, so for
such a particle the ratio Mp(ac)/M (=) is unity.

On the other hand, two identical particles lying side
by side can in effect be demagnetized by causing their
respective magnetizations to lie anti-parallel, and
this ratio is then zero. Obviously, any intermediate
value is possible. Figure 3 shows experimental points
for 28 particles of a sample D, which were contained in
a dilute lacquer specially prepared by a tape factory.
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Fig. 3. The reduced remanence after demagnetization

as a function of H (0), for 28 particles of
y-Fey03 (sample D). Data points (not shown)
for 50 particles of sample C lay within the
two delineated areas.



The TV images of these particles of sample D were not
very well defined, so the experimental error associated
with each point is quite large, being typically +0.16:
thus some of the points lie above the line

MD(ac)/Mr(w) = 1. It is apparent that a high pro-
portion of the particles can be partially demagnetized,
so it seems probable that, as just suggested, these
consist of two or more particles lying side by side.
Such particles were postulated by Waring [7] who
called them 'bundles', but the term 'multiple part-
icles' was used by the present author [2], and is
retained here. It is not known whether such particles
are agglomerates held together by magnetic forces,

or whether they are sintered together. The latter
seems likely, for the application of a large magnetic
field is expected to disrupt them, but this was seldom
observed.

Also drawn in Fig. 3 are two regions enclosing
50 data points (not shown) for particles of sample C
[2]. The distribution of the data points is different
from that of sample D, but the conclusions are the same
as for that material. The data point referring to the
particle of Fig. 2b occurs at the extreme right of
the enclosed region.

It is then clear that the observed particles were
often multiple. They do however appear to be
representative of those in the tape, for TEM photo-
micrographs of thin sections of recording tapes [8]
show that a high proportion of the particles in the
tape coating are multiple. Figure 4 shows a small
region of one of these micrographs, of a tape made from
particles of sample A. Unlike a normal TEM photograph,

many of the particles do not lie in the plane of the
photograph, and furthermore many of such particles
have probably been cut short by the microtome.

A TEM photograph (50,000x) of a cross-—
section of tape of particles of sample A [8].

Fig. 4.

Reversal Mechanisms in y-Fe)03. It has been
shown that for y-Fey03, H,.(0) lies between 250 and
1100 Oe (20 and 88 kA/m), and the origins of this
range of values is now discussed. The procedure used
is to estimate the values of the nucleation field
(which is here equated with H,.(0)) predicted by each
of the known mechanisms of fanning, buckling and
curling: coherent rotation always predicts much larger
values than those observed. Table 1 lists data and
calculated results for three tape materials.

Table 1.
i :
Material Ms 2‘(1/“5 A_7 A {l;s d S [H.(0), (Oe): theory
(emu)  (Oe) 10 10 (um) fann. curl. buck.
‘Y"Fe203 375 =247 0.8 7.5 0.05 3.3 (300) 240 1360
0.09 6.0 (380) 80 920
Cl.'O2 483 950 1.74 8.64 0.03 1.7 (400) 1100 2710
0.05 2.9 (480) 400 1930
Iron 1714 560 - - - - (900) -
(1750)

The values of Mg and 21(1/}1s are taken from the review
by Bate {9]. The saturation magnetization is taken
to be the intrinsic value, rather than that measured
on compacts of particles. The difference may be
attributable to the effect of non-magnetic surface
layers which lower the measured value of Mg, but the
nucleation field is presumably determined by the
magnitude of Mg in the interiog of the particle. The
value of the exchange length A /MS is due to Eagle and
Mallinson [10]. The reduced radius S is given by [4]:
s = (a/2)/(at/my) eN
where d is the diameter of a single particle. Since
considerable variations occur within a given sample,
two values of d are given, which were obtained from
TEM photomicrographs. The calculated values for H.(0)
listed in Table 1 were obtained from the equations
given by e.g. Kneller [4], but the contribution arising
from the magneto—crystalline anistotropy field is not
included in these figures.

Inspection of Table 1 shows that for y-Fej03,
the lower range of values found for H,.(0) is consistent
with the magnetization reversing by non—-symmetric
fanning. The bracketed pairs of values refer to
particles having length/diameter ratios of from 3/1
to very large. The calculated values of H,.(0) for
reversal by buckling are consistent with the observed
result of 1070 Oe (85 kA/m) for H,.(0)(max). This
raises a difficulty, for as shown in the Table, it is
estimated that the curling process is associated with
much lower values of H,(0), and so is energetically
favourable. It is believed that this anomaly arises
because the morphology of y-Fey03 particles is so
poor that curling cannot occur. The geometry of the
curling process is rigorously defined: the
magnetization everywhere remains parallel to the
surface of the cylindrical particle so that there is
no increase in magneto-static energy. A typical.
particle of y-Fey03 is not cylindrical and contains
many pores, so it is impossible to satisfy this
condition. The buckling mode on the other hand is
associated with a periodic fluctuation of the magnet-—
ization about the axis of the particle, resulting
in an increase in magneto-static energy. It is
expected that the buckling process can still occur in
a non-cylindrical particle, although no doubt the
nucleation field is somewhat different from the calcu-
lated value. It is concluded that for a particle to
reverse by buckling, it must be fairly free from pores
and irregularities of shape. It is undesirable for
the shape to be too close to perfection, for it will
then reverse by the curling process, with a consequent
large decrease in H,.(0). If, as is often the case,
the morphology is very poor, then the particle will
reverse by fanning. So far, the effect of the magneto-
crystalline anisotropy has not been mentioned. 1In
the theory of reversal by buckling and curling, only
the case of uniaxial anisotropy with the easy axis
aligned along the particle axis has been considered
[4], and for fanning the effect of anisotropy is
neglected altogether. Experiments on epitaxial
crystals of y-Fej03 [11] have shown that the 3
anisotropy is cubic, with K; = -4.64 x 10" erg/cm”, so
the easy axis is [111]. For particles of this orien-
tation,whether single crystal or textured poly-crystal,
then the uniaxial theory probably gives quite a fair
estimate for Hy(0). The effective anisotropy field is
then -4K;/3Mg = 165 Oe (13 kA/m), and this figure is
to be added to those calculated for buckling and
curling, and probably fanning as well. For the much
commoner case [9] of a polycrystalline particle having
a [110] texture, it was shown [3] that the effective
anisotropy field is -}K;/Mg or 62 Oe (5kA/m). This
figure is rather small compared with typical experi-
mental results for H,.(0), as shown in Fig. 1.
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There is then no difficulty in accounting for
the range of values of H.(0) found in y-Fej03.

y~Fey03 with adsorbed cobalt.

Measurements were made [3] on particles of
y-Fe)03 before and after cobalt was adsorbed: the
details of the treatment are not known, but no doubt
followed the general procedure described by Imaoka

et al [12]. These particles were received dry and
dispersed in the laboratory.
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samples of y-Fep03 before (left) and after
(right) adsorption of cobalt.

Fig. 5.

The corresponding histograms are shown in Fig. 5
above. The interesting feature of these is that after
treatment the left hand side of the histogram is dis-
placed by only 50-200 Oe (4-16 kA/m), whilst the right-
hand side is displaced by 300-450 Oe (24-36 kA/m).

This is explained by making use of the conclusion which
which has just been reached; that particles of largest
H, (0) reverse by buckling. Now for this mode of
reversal, H,.(0) increases rapidly as the particle
diameter decreases, which implies that those untreated
particles which have a large value of H. (0) are of
relatively small diameter. Such particles have a high
surface/volume ratio, and so upon adsorption of cobalt
give the largest increase in Hy(0).

The effect of the treatment with cobalt was to
increase H, for the compacted powder by 52%, but the
median value of H (0) for the particles increased by
only 37%. However, these figures are expected to be
the same only if the well-known relationship [4] holds:

Ho(p) = Ho(0)(1 = p) (2)

Presumably a similar expression applies to H,.(p) and
H.(0). In section 4, a different expression (3) is
given for the relationship between H,(0) and H,(p).
This shows that the increase in H. for the powder is
indeed expected to be larger than the increase in the
Hy for the particles.

(y~Fe)03)y(Fe304)1-x

Flanders and Kaganowicz [13] have measured the
properties of particles, initially of y-Fej03, which
had been partially reduced. As mentioned above, the
untreated powder was of the same grade as that of
Sample A. As for y-Fej03 with adsorbed cobalt, the
effect of the treatment was most marked upon those
particles of large Hy.(0), but in addition there was a
general broadening of the distribution, accompanied by
a reduction in the amplitude of the peak. It has
been shown [14] that the anomalous properties of such
powders can be explained if it is assumed that the
particles consist of an inner core of y-Fey03, together
with an outer layer of Fe304: the outer layer is in
tension and the core is in compression. The differences

in character between the two histograms are consistent
with this model.

Lr0

Measurements of H,.(0) were again made on
particles suspended in a very dilute lacquer specially
made by the tape manufacturer, and Fig. 6 shows a
histogram of H.(0) obtained on 100 of these particles.
Hy(0)(max) was 1260 Oe (100 kA/m), which was only 90 Oe
(7 kA/m) larger than that found for y-Fej03. Also
shown in the Figure is the differentiated remanence
curve of the corresponding tape, which resembles the
histogram but is displaced from it by 160 Oe (13
kA/m): it is of course a common practice to use such a
curve as an empirical measure of the range of H,(0).
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Fig. 6. A histogram of Hy(0) for 100 particles of
Cr0y. The differentiated remanence curve

of the corresponding tape is also shown.

The reduced remanence after ac demagnetization
is shown in Fig. 7. It is apparent that all the
observed particles were multiple. TEM photomicrographs
showed that the diameters of the individual particles
lay between 0.03 ym and 0.05 pym, whilst the overall
diameters of the multiple particles lay between
0.06 ym and 0.15 pym. It is possible that particles
of small diameter, e.g. single particles, were not
resolved by the optical microscope.
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Fig. 7.

These figures are incorporated into Table 1.
The exchange constant A was derived from measurements
of the anisotropy field [15] and wall energy [16].
Unlike y-Fep03, curling now predicts values Hp(0)
within the observed range, whilst those predicted by
buckling are much greater than this. As the
morphology of particles of CrO, is far superior to
those of y-Fejy03, there would seem to be every reason
for them to reverse by curling, although the values of
Hp(0) calculated for non-symmetric fanning also lie
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around the lower limit of the histogram of Fig.6.

The situation is complicated by the particles
being multiple, and by their possessing a large
uniaxial anisotropy field of 950 Oe. It has been
shown that 67% of one sample of particles had a [001]
orientation [17], so that in these particles the 'easy’
axis and the particle axis coincided [16]. In a typical
multiple particle comprising three or four single
particles, the probability that they do not all have
a [001] orientation is then 70-80%. As always, the
coercive force of the multiple particle is largely
determined by that of the 'softest' constituent
particle, which in this instance is the particle where
the crystallographic axis makes the largest angle with
the axis of the particle. A similar argument applies
to the effect of the distribution in the diameters of
the particles.

Variation of H,(0) with angle. The measurement
technique outlined in Section 2 was modified in order
to determine the variation of Hr(O) with angle ¢
between the axis of the particle and the applied
field. Results for a particle of y-Fej03 were
reported earlier [1]: H,.(0) for this particle was 570
Oe (45 kA/m), so it is probable that it reversed by
fanning, and indeed the experimental curve of H, (0)(y)
resembled that derived from the theoretical hysteresis
loops of Jacobs and Bean [18].

Similar results were obtained for a particle of
Cr0y, and these are shown in Fig. 8. It should be
noted that this curve is not a curve of coercivity as
a function of angle, which have quite a different shape
[4]. For an 'ideal' single particle, which of course
does not show minor loops, the method of measurement
described in Section 2 determines the field at which
the hysteresis loop closes: see e.g. Fig.3 of [18].
Below the critical angle y, which marks the transition
between non-coherent and coherent rotation, this field
is equal to the nucleation field. However, the
particle of CrOj considered here was almost certainly
multiple, and so probably could support at least some
minor loops. In the limiting case of a particle able
to support a very large number of minor loops, the
measurement gives the value of Hr(O), and this
parameter has been chosen to designate the axis of
Fig. 8.
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Fig. 8. The variation H,(0) with angle y between

the particle axis and the field, for the
particle of CrOj shown in the photograph:
length ~1.5um

Figure 8 shows that H,.(0) increased only slightly
until y was 50°, and it is probable that this is the
value of y,. Theoretical curves of H, as a function
of y for reversal by curling [4] show that this
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corresponds to a reduced radius S of 1.6, which is near
to the lower figure shown in Table 1, of S=1.74. How-—
ever, in calculating the theoretical curve the crystal-
line anisotropy was neglected, which is not a permiss—
ible approximation for CrOj. Also, approximately the
same values of S may be used to describe the relation-
ship between H, and p on the basis of fanning. Thus
whilst the curve of Fig. 8 appears to be in accord with
existing theories, it does not yield new information
about the nature of the reversal process in Cr0Oj.

Metal Powder (iron)

The term metal powder is here used to refer to
acicular particles of iron, stabilized by a layer of
oxide [19].

Figure 9 shows a histogram of H,.(0) for 100
particles of a very dilute lacquer, supplied by the
tape manufacturer. An additional 7 particles were
found which could not be reversed by the maximum
available field of 1700 Oe (135 kA/m). As in Fig. 6,
the differentiated remanence curve of the corresponding
tape is also shown, which is displaced from the
histogram by 220 Oe (17.5 kA/m).
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Fig. 9. A histogram of H,(0) for 100 particles of

metal powder (iron). Also shown is the
differentiated remanence curve of the
corresponding loop.

The powder was prepared by reducing particles of
a~FeOOH to iron and then partially oxidising them.
This process caused some degradation of the morphology
and this suggests that most reverse by fanning. For a
chain of two spheres, H.(0) = 900 Oe (72 kA/m), and
for three spheres then H.(0) = 1400 Oe (111 kA/m).
For an infinite chain, then H.(0) = 1750 Oe (139 kA/m)
[18]. These figures do not take the crystalline
anisotropy field into account, which as shown in
Table 1 is quite large. Like y-Fep03, iron is of
cubic symmetry, but the easy axis is [100]. Presumably
the particles of oxide did not change their
crystallographic orientation when they were reduced
to iron, so the iron particles, like those of y-Fey03,
are expected to be polycrystalline with a [110] fibre
texture. The average anisotropy field is then
-4K1/Mg = -140 Oe (-11 kA/m), and it is supposed that
the calculated values for H.(0) in Table 1 are smaller
by this amount. For a particle of [100] orientation or
texture, it is supposed that the calculated values are
to be increased by 2K;/Mg or 560 Oe (45 kA/m).
Similarly, for a [111] orientation, they are to be
decreased by 373 Oe (30 kA/m). In general, when the
effect of the anisotropy is taken into account, albeit
in a rather qualitative way, the fanning model accounts
quite well for the experimental results.

It is to be remarked however, *hat Luborsky and
Morelock [20] have reported measurements of H.(0) on
individual iron whiskers. As these had a nearly
ideal prismatic shape, it is probable that they
reversed by curling. Their results, both theoretical
and experimental, showed a very rapid variation of



H.(0) with particle diameter, which overlap the values
reported here. Nevertheless, it is probably safe to
say that the reversal processes are quite different in
these two types of particle.

4, LOOP SYNTHESIS

The results of the measurements on particles of

y-Feg03 were used to calculate the remanent loop of
the corresponding tape. The data required was:

a) The histogram of H,(0).

b) The variation of H.(0) with angle y.

c) The distribution function describing the orien-

tation of the particles in the tape.

Examples of a) and b) have been given above: c) was
determined by the work described elsewhere [21]. From
a), b) and c¢) the remanent loop was calculated [2] for
an assembly of widely separated particles, having the
same orientation as that in the corresponding tape.
To allow for the effect of packing the particles
together, the scale of the field axis was multiplied
by (1 - p), where p is the packing factor. Then if
(2) is valid, the remanent coercive force of the
calculated loop should agree with that of the tape.
Although examples of such loops were the same shape
as the experimental loops (but had rather larger
values of Hyp(p)), this treatment of the effect of the
interaction fields is rather arbitrary, and so the
quite good agreement between theory and experiment is
possibly fortuitous.

Some progress has been made subsequently, in as
much as it has been shown [22] that the relationship
between H,(p) and H,(0) is of the form:

H,(p) = H.(0)[1 - C(M /H,(0))2%p*/3] 3

where C is a constant of the order of unity. Values of
C appropiate to assemblies of aligned or randomly
orientated particles were determined by computer
simulations. Very good agreement is found between the
predictions of (3) and experimental results, for both
'"tape' particles and elongated single domain particles
of iron. It is hoped that extensions of this model
will enable a better correlation to be made between the
properties of the individual particles and those of the
corresponding tape.

5. DISCUSSION

It has been shown that particles of the types
commonly used in tape recording probably reverse by
an interesting variety of mechanisms: y-Fej03 by
fanning in particles of poor morphology and buckling
in particles of better morphology, CrO; by curling,
and metal powder (iron) by fanning. Interpretation
of the results, e.g. of the range in H,.(0) found in a
particular sample, is limited by defects in both
theory and experimental technique.

The theory now available deals with rather
idealized situations such as a cylindrical particle
with uniaxial crystalline anisotropy aligned along the
particle axis. The fanning model was devised to take
some account of the effects of poor morphology, but
neglects crystalline anisotropy. An actual particle
is often of irregular shape, polycrystalline and with
a cubic anisotropy. Such problems are probably too
complicated to be dealt with by the techniques of

micromagnetics, and the best approach would seem to be
to develop numerical methods along the lines indicated
by Matsumoto [23].

The experimental technique described here would
seem to provide sufficient data to make progress in
the long-term aim of being able to predict the
properties of a tape from those of its constituent
particles. A limitation of the technique is that the
resolution of the optical microscope is totally
inadequate to allow a correlation to be made between
H (0) of a particle and its morphology. To make a
significant advance in this respect, it would seem to
be essential to measure H.(0) in a transmission
electron microscope, perhaps by sensing the direction
of the magnetization in a particle by observing the
interaction of a beam of low energy electrons with
the external magnetic field of the particle. Whatever
the method, the present work shows that it is highly
desirable to make observations on a large number of
particles.
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Sputtered y-Fe,0, thin films are attractive in practical application to high density magnetic recording. This
paper presents basic processes of y-Fe,O, thin-film fabrication, magnetic properties, and high density

recording characteristics of the films. The film is prepared by reactive sputtering of an iron alloy containing a
small amount of Co, Ti, and/or Cu in an Ar-O, atmosphere on anodized Al alloy substrates and successive
heat treatment. The film shows a high coercivity of 1000 Oe and a coercive squareness of 0.84 with the
reduced thickness. The anodized Al alloy provides hard, smooth, and chemically stable substrates. The
continuous y-Fe,0; thin films show high recording density with an excellent signal to noise ratio (SNR).
First, the recording characteristics of the film employed in practical disk storage with the areal recording
density of 24 000 bit/mm? are described. SNR improves as the average crystallite size decreases. It is shown
that 35 dB can be obtained at the linear density of 1000 flux reversals/mm with the track width of 10 zm.
Finally, the density D, g of 2600 flux reversals/mm is experimentally shown by using a Mn-Zn ferrite head

with the small gap length of 2g = 0.15  m operated at the heat-medium spacing of 0.1 g m.

PACS numbers: 85.70.Kh, 75.70.Dp

INTRODUCTION

The demand for ever increasing recording density
in magnetic recording has stimulated introduction of
thin films of continuous magnetic materials for the
production of disks. With.regard to application to
rigid disk recording, continuous thin films of an iron
oxide, y-Fe,03, are very attractive because of their
high coercivity and high remanent magnetization as well
as their resistance to corrosion and wear. In order to
increase recording density, a magnetic recording medium
must have increased coercivity and much reduced thick-
ness. The high density recording with an extremely
small head-medium spacing also required much improved

surface smoothness and mechanical strength of the disks.

It has been shown that y-Fe,03 thin films prepared by
reactive sputtering and successive heat-treatment on
adonized Al alloy substrates have superior magnetic and
mechanical properties, and high density recording
characteristics (1-4). The y-Fey03 films in a range of
0.1-0.2 um show the recording density over one thousand
bit per mm. The anodized Al alloy substrate provides a
smooth and mechanically hard disk surface. The films
show excellent adhesion to the substrate. Recently,
the first disk storage that employs the continuous y-
Fe203 thin film recording media has been developed, and
it is scheduled to be put into practical use (5),

Since the y-Fe,03 thin film disk has potential for fur-
ther improvement in the recording density, it is one of
the most effective components for high capacity disk

storage in the coming age. In this paper, the basic
processes of y-Fe;03 thin film fabrication and magnetic
properties of the films will be summarized and then the
high density recording characteristics will be pres-
ented.

SUBSTRATE

An Al-4wt.%ZMg alloy was employed as the substrate.

Disks are 360 mm and 210 mm in diameter and 1.9 mm in
thickness. The substrates are anodized (6,7) to form
an aluminum oxide (Al,03) layer on the both sides. The
anodized layer is produced in the 10% sulfuric acid
solution. This Al,03 layer improves the hardness of
the substrate surfaces. Disk substrates should be
extremely smooth to keep stably a small head-medium
spacing, defect free to avoid signal errors, hard and
chemically stable. A thick Al;03 layer formed is
polished to a 2 ym thickness. The surface is finished
to an arithmetic average Ra less than 0.01 um. Surface
burnishing with a sapphire slider head is applied to
eliminate protuberances prior to film preparation. Due
to the thermal expansion coefficient difference between
Al,03 and the Al-Mg alloy, the oxidized layer is sub-
jected to cracks when the substrate is exposed to
higher temperature. The maximum possible range for the
Al,05 thickness and heat-treatment temperature was
experimentally determined; for the heat-treatment at
350°C the thickness of Al,04 is kept below 3 um. The
Al-4wt.”Mg alloy used in the conventional disk sub-
strates, involves intermetallic compound precipitates

Reprinted with permission from J. Appl. Phys., vol. 53, no. 3, pp. 2556-2560, Mar. 1982.
Copyright © 1982 American Institute of Physics.
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containing impurities, Fe, Si and Mn. These precipi-
tates make defects on the substrate surface, when the
substrate alloy is anodized. A purified Al-4wt.%Mg
alloy is, therefore, used in order to reduce the sur-
face defects. By using the high purity aluminum alloy
for the substrates, signal errors can be reduced to a
practical level.

THIN FILM FABRICATION PROCESS

Iron oxide films can be prepared by sputtering in
a variety of processes (1-4,7). vy-Fe,03 or Fe;0, as
well as Fe can be employed as a sputtering target in
reactive or non-reactive (if necessary) sputtering (7).
In this section, the most basic processes are summa-
rized. The basic processes involve reactive sputtering
and successive heat-treatment; the processes are I)
deposition of an a-Fe,03 film, followed by reduction of
the film to Fe30, and then transformation into y-Fe,0j3
(1,2), and II) direct formation of an Fe30, film and
transformation into y-Fe,03 (3,9,10).

The deposition rate of the films in reactive sput-
tering of an Fe target in an Ar-0, atmosphere shows a
hysteresis loop in a decreasing and increasing cycle of
oxygen partial pressure P in the order of 10~ -10"3
Torr (9,10). The deposition rate has the pronounced
steps at the critical values P* and P** (P*<pk#),

Below P* or P**  the increased rate of deposition are
observed. This is due to a difference in the sputter-
ing rates between iron and iron oxide; iron has a
higher sputtering rate than a-Fe;03. In the direction
of decreasing the oxygen partial pressure, an y-Fe,03
film is deposited above P* and an Fe film is deposited
below P*, Above P* the target surface is oxidized to
a-Fe,03 in the reactive sputtering, and hence a-Fep03
is sputtered and deposited. Below P* the sputtering
rate of iron exceeds the oxide formation rate. In the
increasing direction of the oxygen partial pressure,
-however, between P* and P**, a deposited film consists
of Fe and Fej0,, or only Fe30,, and above P** an a-
Fe,03 film is deposited. Below P* the Fe film is de-
posited. Between P* and P**, the target surface is of
iron , and oxidation process of the deposited
film into Fe30, proceeds during and just after the suc-
cessive deposition. The Fe30, single phase film is
formed in a higher oxygen partial pressure side. The
phenomena below P* and above P** are the same as the
former case. The values of the critical oxygen partial
pressure, P* and P**, depend on rf-sputtering power as
well as Ar partial pressure and target temperature.
Using the stages described above, a-Fe;03 and Fej3Oy
films can be prepared by the reactive sputtering.
y-Fe,03 films are fabricated as follows.

I) An o-Fe,03 film is deposited in the Ar-0; at-
mosphere with the total pressure of 2x1072-4x1072 Torr.
The a-Fe,03 film is reduced to Fe30y at 300-330°C for
2-4 hours in the wet H, atmosphere. By subsequent
heat-treatment the Fe3Oy film is oxidized to y-Fe,03
at 300-330°C for 2-4 hours in air.

II) An Fe30, single phase film is directly formed
by the reactive sputtering of an iron target in the Ar-
0, atmosphere with the total pressure of 2x10~2 Torr,
where the substrate is heated at the temperatures up to
150°C. The Fe30, film is transformed into y-Fe,03 by
the heat-treatment at 300-330°C for 2-4 hours in air.
This process is attractive one, because it excludes the
reduction heat-treatment in Hj.

A schematic view of our new sputtering apparatus
is shown in Fig. 1. Simultaneous deposition on the
both substrate surfaces is provided by a pair of tar-
gets. The target is equipped with a magnetron device
to enhance the deposition rate. The substrate is
rotated during the sputtering so as to make uniform
deposition. About five substrates, 360 or 210 mm in
diameter are loaded in a cassette box, and transferred
between a cassette loading vacuum chamber and the
sputtering chamber one by one. Cassettes which are
set in the cassette box and to be set from the outside
of the vacuum chamber can be exchanged without inter-
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rupting the sputtering by closing a vacuum valve be-

tween the cassette loading and sputtering chambers, so

that continuous fabrication is ppssible (7).

) Sputtering chamber
Pre-treating chamber

= T
/
Disk cassette Target

Substrate

Fig. 1. Schematic view of sputtering apparatus.

MAGNETIC PROPERTIES

Structure and magnetic properties of the films
were examined by X-ray and electron diffraction, elec-
tron microscopy, Mdssbauer effect measurement, ESCA
(electron spectroscopy for chemical analysis), and
magnetic measurement with a vibrating sample magneto-
meter. Physical properties of the films (1.3.8.9.12)
are in good agreement with the data of y-Fe;03 fine
particles (13,14) and Fe30, (15,16).

Addition of Co increases coercivity of the films
(1-4). Addition of Ti has an effect to widen the
temperature range of reduction from a-Fej;03 to Fej30y
(1,2,8). The Ti addition improves squareness ratio
of the y-Fey03 films as well (1,8). The addition of
Cu, on the other hand, lowers the reducing tempera-
ture. By simultaneous addition of Ti and Cu, a wider
and lower temperature range is obtained as shown in
Fig. 2. This makes it possible to obtain uniform
magnetic properties.
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Fig. 2. Relation between electrical resistivity and

reducing temperature. Heating duration is 2 hrs.

Variations in coercive force and squareness ratio

with oxidation temperature are shown in Fig. 3. The
He begins to increase above 150°C, and then shows a
broad peak around 250°C. This peak is due to the
magnetic interactions of vacancies and ferrous ions
in the spinel lattice. The squareness ratio gradual-
ly decreases as the temperature increases to 250°C,

and then increases to 0.8 when the temperature reaches
300°C. We confirmed that Fe30, is completely converted

to y-Fe03 above 290°C.
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Fig. 3. Dependence of coercive force (Hc) and square-
ness ratio (Br/Bs) on oxidizing temperature.

Figure 4 shows transmission electron micrographs
of the y-Fe;03 thin films with various additives. The
film with the addition of 2 at. % Ti and 2 at. % Co has
an average crystallite size of about 1000 X. With the
further addition of 1.5 at. % Cu, the average crystal-
lite size decreases to 400 &. Crystalline grain growth
during the heat-treatment is suppressed by Cu addition;
the improved signal to noise ratio at recorded state
SNRy is obtained by reduced crystalline grain size.

A T
M ‘I"’?\‘ -.'#,4

Additives
2% Ti+l 5%Cu+2%Co

Additives
2%Ti+2%Co

Fig. 4. Transmission electron micrographs with various
additives.

0.12 um thick y-Fe;03 films with simultaneous
addition of Co, Ti and Cu were prepared on anodized
Al-4wt.7ZMg alloy substrates with the diameter of 210 mm.
The contents of doped Co, Ti and Cu in the sputtering
target were 2.0, 2.0 and 1.5 atomic percent, respec-
tively. The films have the magnetic characteristics,

Hc of 1000 Oe, Br of 3000 Gauss, Br/Bs of 0.88 and
coercive squareness S* of 0.84.

HIGH DENSITY RECORDING CHARACTERISTICS

The recording density at 6 dB attenuation in the
signal amplitude, Dggqg, of 1100 FRPM (flux reversals/
mm) was demonstrated by y-(Fey g55Tip (25C00, 020)203
(1.2), y—(Feo_98C00_02)203 (3), and double layer
v-(Feg, 945Tig, 025C00, 03)203/v-(Feg 965Tig, 025C00, 01203
(18) films with the thickness of 0.14 um prepared on
the anodized 360 mm Al-Mg substrate using a Mn-Zn
ferrite head with the head gap of 0.7 um operated at
the head-medium spacing of 0.2 um. The coercive force
was in the range 700-730 Oe. The excellent SNR was
also shown (1-4,18).

Continuous y-Fe;03 thin film recording media pre-
pared on the anodized 210 mm Al-4wt.’Mg substrate have
successfully been employed in practical 3.2 GByte
multi-device disk storage (5,19). The magnetic charac-
teristics are Hc of 700 Oe, Br of 2700 Gauss and S* of
0.78. The thickness of the film is 0.17 um.
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Figure 5 shows the dependence of output Ep-p and
over-write on writing current, where the over-write is
the ratio of 1F (5.4 MHz) and 2F (10.8 MHz) components
after signals are recorded at 1F and then other signals
are recorded at 2F on the same track. The Ep-p has the
maximum value at a writing current of 20 mA, which
shows the recording medium is magnetized to saturation.
At a writing current of 25 mA, an over-write of -40 dB
is obtained.

Figure 6 shows the dependence of output voltage on
recording density. The recording density, Dgdp, is 22
kFRPI (880 FRPM).
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density.
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Resistance to wear was measured using the contact-
start-stop (CSS) method (20), (Fig..7). In the CSS
tests, the head touches the same track when the disk
starts and stops. No changes in the signal amplitude
and resolution have been observed even after 20000 CSS
cycles, where solid lubricant is used. This high reli-
ability is due to the extremely smooth and hard disk
surfaces.

The sputtered y-Fe;03 recording medium features
high signal to noise ratio. Figure 8 shows the depen-
dence of signal to noise ratio, SNRy, at the read/write
of 14 kFRPI (550 FRPM) and 1100 TPI (43 TPM) on the
crystalline size of the sputtered y-Fe;03. SNRy of 3§
dB is obtained at an average crystallite size of 400 A.
SNRy increases as the average crystallite size de-
creases (17). The SNRy is experimentally expressed as
a linear function of the logarithm of the average crys-
tallite size (17). It was shown that SNRy more than
35 dB is attainable for the recording density of 1000
FRPM and the track width of 10 um at the film thickness
of 0.14 um and the average crystallite size below 250 R
(17). The excellent SNRy, is attributed to smooth mag-
netic transition in a magnetization reversal region.
Crystallite grain growth during the heat-treatment is
suppressed by the Cu addition.
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Fig. 8. Dependence of signal to noise ratio (SNR,) on
average crystalline grain size.

Table I y-Fey03 thin film recording media

performances
Performances
6 dB attenuation density : Dggp 880
RPM)

Signal amplitude at 550 FRPM : 0.8
Ep-p (mV)

Resolution at 550 FRPM (%) 78
Signal to noise ratio at 36
550 FRPM : SNR, (dB)

Overwrite characteristics : =40
1F/2F (dB)

Number of missing error spots 30
per surface

Amplitude margin characteris- 55

tics at error rate of 10~5(%)

Head parameters;
Gap length (2g) 0.8 um
Track width (Tw) 18.5 um
Number of coil turns (N) 32
Head-medium spacing at 19.6 m/sec (d) 0.27 um
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Table I summarizes the recording characteristics.
The excellent performances have realized the highest
areal recording density of 24000 bit/mm? in practical
use. Especially, very high SNRy (36 dB) compared with
that of conventional coated media (25 dB) should be
noted. The amplitude margin of 55% at the error rate
of 1075 is good enough to use in the practical system.

To obtain much higher recording density, recording
characteristics were evaluated (21) by using a Mn-Zn
ferrite head with the extremely narrow gap length 2g
of 0.15 ym operated at the very small head-medium
spacing of 0.1 um at the relative velocity of 10 m/sec.
The number of coil turns was 20. The magnetic charac-
teristics were Hc of 1000 Oe, Br of 3000 Gauss, Br/Bs
of 0.88 and S* of 0.84. The 0.12 ym thick y-Fe,03 film
was prepared on the 210 mm anodized substrate. The
very high density, Dgqp of 2600 FRPM, was obtained.
The extrapolation of Talke and Tseng's calculations was
in good agreement with the above experimental value.
The signal amplitude had the maximum at the write cur-
rent of 20 mA. The head core was not saturated during
the write process and the recording medium was suffi-
ciently magnetized even for the high coercive force
(1000 Oe). This was due to the high coercive square-
ness.

CONCLUSIONS

The fabrication processes for the sputtered y-
Fe,03 thin film have been established. The physical
properties show that the films are a stable y-Fe,04
compound. The films have excellent magnetic properties,
i.e. high coercivity and high coercive squareness with
much reduced thickness. Owing mainly to these, the
sputtered y-Fe,03 thin films have shown high density
recording characteristics. The track width of 18.5 um
has been achieved in the practical disk storage on the
sputtered yY-Fe;03 recording media. SNR is quite excel-
lent. SNRy; more than 35 dB is attainable. even postu-
lating the track width as narrow as 10 um at the linear
density of 1000 FRPM. In order to increase recording
density, a head-medium spacing must be reduced. This
seems one of the most important items that must be
achieved at the practical level. We can expect the
breakthrough by using extremely smooth anodized Al
alloy substrates. The item, defect‘free, is also the
most important one. In conclusion, from the linear
density, track width and SNR summarized here, we can
expect a disk storage with the areal density in the
range 60-100 Kbit/mm? by the sputtered y-Fe,03 thin
film disk in accordance with the progress in head
technology.
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MICROSTRUCTURE AND MAGNETIC PROPERTIES OF FLECTROLESS Co-P

THIN FILMS GROWN ON AN

ALUMINUM BASE DISK SUBSTRATE

Tu Chen, D. A. Rogowski and R. M. White
Xerox Palo Alto Research Center
Palo Alto, California 94304

ABSTRACT

The microstructure and magnetic properties of electroless
Co-P films (~100 to 1000 A) deposited on an aluminum base
substrate are examined. The squareness and coercivity
characterizing the magnetic hysteresis are found to correlate with
the size and nature of the microcrystallites making up the film. It
is argued that this correlation is due to coupling between the
microcrystallites.

INTRODUCTION

Electroless Co-P films have been regarded as a promising
digital recording medium since their discovery by Brenner and
Riddell [1]. For high density recording one wants a thin medium
(~400 /3\) with a high coercivity (H. ~500 Oe) and a rectangular
hysteresis loop. In the case of Co-P films these properties, as well
as the remanent magnetization (M,). are strongly dependent upon
the microstructure [2,3]. The microstructure is, in turn, governed
by the plating conditions and the substrate. Most of the previous
studies correlating magnetic properties with microstructure have
been carried out on films grown on an activated glass or mylar
substrate. For some recording applications, however, one would
like to deposit the Cc-P on a rigid aluminum substrate. The
purpose of this study has been to investigate the magnetic
characteristics of Co-P films grown on multilayer coated
aluminum substrates.

EXPERIMENTAL TECHNIQUES

The chemistry of the plating baths and the operating
conditions were similar to those of Brenner and Riddell [1]. The
temperature of the baths was maintained at 76 = 1°C and the total
volume was 800 ml. Two bath parameters were varied: the
phosphorous acid concentration, H;PO;. and the ammonium
hydroxide concentration, NH,OH, which adjusts the pH. The
values of these parameters for the five baths used 1n this study are
listed in Table I

Bath pH H3PO;
(Room Temperature Value)  (mole/liter)
1 8.5 0.01
I1 8.5 0.10
ITI 9.5 0.01
1v 9.5 0.10
Y 10.5 0.01
TABLE 1

Characteristics of the five baths used in this study.

The substrates consisted of an aluminum alloy disk
approximately 1 cm in diameter overcoated with a non-magnetic
Ni-P layer followed by a layer of Cu.

The magnetic hysteresis loops were measured with a vibrating
sample magnetometer and the microstructure was analyzed with a
transmission electron microscope (TEM). For TEM analysis of the
film the substrate was removed by a process involving chemical
etching, electropolishing, and ion milling. The composition and
compositional variation with depth was determined by ion
scattering spectrometry using bulk polycrystalline Co, gsP as a
standard.

RESULTS AND DISCUSSION

In Table Il we list the results of the deposition rate, the
phosphorous content, and the saturation magnetization of films
prepared from the five different baths. We note that M, increases
with increasing phosphorous content.  Other studies [4,5] show
different dependences of M, on phosphorous content. This is not
surprising when we consider that the state of the phosphorous in
these films may vary with the bath conditions. For example, it
might be dissolved as a metastable solid solution with the Co, or
exist as a pure phosphorous or phosphite phase between the Co
grains. Thus. the magnetization 1s not a unique function of just

the phosphorous content. Unfortunateiy it is very difficult to
determine the chemical disposition of the phosphorous.

Bath R at% P M,
[A/sec] (emu/cm3)
I 4.3 7.8 £ 0.4 1025
11 5.6 7.6 £ 0.6 1000
I1I 7.5 8.1 + 0.6 1056
v 10.0 9.6 * 0.6 1147
Vv 12.8 10.2+ 0.7 1208
TABLE 11
Deposition rate (R), atomic percent

phosphorous and volume magnetization of
Co-P films prepared from baths I thru V.

Table 11 shows that for a fixed H;PO; concentration the
deposition rate (R) increases with increasing pH. For a fixed pH,
Table Il also shows that R increases with increasing H3PO;
concentration.
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Fig. 1. Saturation magnetic moment vs. deposition time.

In Fig. 1 we plot the magnetic moment per unit surface area
as a function of deposition time. The fact that these results are
highly linear suggests that the deposition rate is constant and that
the magnetization is uniform with thickness. Independent
thickness measurements show that this moment per unit area is
indeed proportional to the film thickness. The intercept along the
time axis is therefore a measure of the nucleation time, 7, or the
time it takes a particle to fluctuate beyond the critical radius for
stable growth.  The results show that for a fixed H;PO;
concentration 7 increases with decreasing pH. while for a fixed pH
7 increases with increasing H3;PO; concentration.

The microstructure of these films may be distinguished by the
size of the crystalline grains. We shall refer to structures having
grains less than 100 A as type 1 while those having grain sizes of
the order of several hundred angstroms or larger as type [I. "Well
developed” type II grains are characterized by sharp edges and
clearly identifiable stacking faults within the grains. The fine
grain particles characterizing the type | structure generally
coagulate into globular lumps separated by channels. The electron
diffraction rings of films containing a large amount of type I

Reprinted with permission from J. Appl. Phys., vol. 49, no. 3, pp. 1816-1818, Mar. 1978.
Copyright © 1978 American Institute of Physics.
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crystallites are broadened due to the small crystallite size in the
manner reported by Aspland, et al. [6] _

Fig. 2 shows some typical microstructures. Fig. 2a co;responds
to a film plated from bath V. It shows a type 11 grain in the
cenda cuoded by tyne )

€S.

;]

Micrograph of film
- ture. 225,000

¥

Micrograph of film with well developed type 11
structure.  225,000X

Films plated from baths I to IV exhibit only type I
microstructure. However, depending upon the plating bath, the
crystallites have other distinguising features besidgs a difference in
grain size. These are the definition of the grain, the separation
between grains and the evidence of stacking faults. Two extreme
cases which illustrate these features are shown in Figs. 2b and 2c.
In Fig. 2b, the graifis are poorly developed as indicated by the
poorly defined grain boundary, whereas in Fig. 2c the grains are
well developed and the stacking faults have a better definition.
Also by comparing films with these two morphologies of grain, it
is noted that the relative separation between the grains is greater
for the case of well developed rather than poorly developed grains.

In general the films plated from the four baths have a
microstructure ranging between these two cases. For film thickness
< 600 A, films plated from baths I and Il exhibited well
developed grains, films plated from bath IIl exhibited poorly
developed grains, but very uniform in size and films plated from
bath IV exhibited partially developed grains. In all the cases, the
grain definition improves with increasing film thickness, and the
separation between grains is decreased.

Fig. 2c.
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In all the films investigated the average grain size also
increases with increasing film thickness. Comparing the
nucleation time, 7. and the deposition rate with the grain size for
the films plated from baths | to IV shows that the change in grain
size in the films follows the change in nucleation period rather
than the deposition rate. This result suggests that the nucleation
rate may be at least as important, if not more important, than the
deposition rate in determining the microstructure of these films.

For plating bath V, which has a pH of 10.5, the solution is
relatively highly activated as evidenced by the high deposition rate
(12.8 A/sec) and by the fact that the solution shows no initial
nucleation period. The high deposition rate and easy nucleation
characterizing this bath may be the reason why films from this
bath exhibit the fine grain (type I) microstructure.

Electron diffraction patterns of the films from baths I to IV
indicate that the crystallites have a hcp structure and exhibit some
preferred orientation.  For all the films examined, the (100)
reflection ring was generally stronger than for the case of a
random orientation of crystallites, and the (002) ring was
suppressed. The suppression of the (002) ring was observed to
increase as the grain definition improved. A weak (002) reflection
implies that the c-axis prefers to be perpendicular to the plane of
the film. Thus films from bath Ill, having the least developed
grains, also have less of a preferred orientation.

As was mentioned above, the magnetization (moment per unit
volume) is independent of film thickness. The squareness of the
hysteresis loop and the coercive force H., however, do depend
upon the film thickness (as well as plating conditions). Fig. 3
shows the dependence of H_. upon thickness for films from the
different plating baths. The coercivities of films from bath V
varied from 50 to 200 Oe in an irreproducible manner and are
therefore not included.
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Fig. 3. H. as a function of film thickness.

As we see from Fig. 3, within the range of film thicknesses
investigated, the coercivities of the films plated from baths I, Il
and IV show a monotonic decrease from about 900 to 700 Oe as
the film thickness increases. In contrast, H. of the films plated
from bath Il increases with increasing film thickness and reaches
a maximum at ~800 Also their values of H. are generally
smaller (ranging between 450-650 Oe).

The hysteresis loops of all the films fall into three categories.
For films plated from baths I, II, 1ll and IV, .the loops are quite
similar and have a high coercivity, as illustrated by Fig. 4 a.
However, for films plated from bath V, the hysteresis loops vary
from very narrow loops with a small coercivity (Fig. 4b) to
constricted loops (Fig. 4c). The extent of the constriction varies
irregularly from film to film. We suggest these constricted shapes
are a direct result of the presence of both type | and type Il
microstructures in these films. That is, the hysteresis loop reflects
the presence of two different magnetization processes. In such a
case it is not possible to define a meaningful coercivity.

For the reproducible loops obtained from baths 1 to IV, it is
convenient to characterize their squareness by the parameter S*
introduced by Williams and Comstock [7]. This is defined in
terms of the remanent magnetization, M,, and the slope of the
major hysteresis curve at H = -H_ according to $* = [H.(dM/dH) -
M,J/H(dM/dH). An ideal square loop would have §* = 1. Fig. 5
shows that S* increases with increasing film thickness. An
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alternative squareness, defined by M,/M, varies from 0.7 to 0.9
with films from bath Il having the highest values. )

Let us now consider how these hysteresis loops correlate with
microstructure. When a film shows a pure type | behavior (vgry
fine grains), the hysteresis loop is very narrow as in Fig. 4b with
H, < 100 Oe. Low coercivities in fine grain materials are genf:rally
attributed to superparamagnetism. However, the reduction in H.
based on this mechanism is also accompanied by a reduction in the
remanence. Since the remanence in type I films is not appreciably
reduced, the grains are not superparamagnetic. In Fig. 2d we saw
that those fine grains tend to coagulate. The grains within these
globules are very likely strongly coupled. As a result, the
magnetization process can occur via domain wall motion. Similar
results have been observed in films grown on glass [6,8].

b [
a
1 L ] ! ! ! 1 ! JI S |
KOe 0.0 04 038 00 04 08 0.0 0.8 1.6
Fig. 4. Typical hysteresis loop: a) normal high H. loop, b)

normal low H, loop, ¢) constricted loop.

For films with only type Il microstucture the coercivity is
relatively high, and has a wide range of values depending on the
grain size, grain separaticn and how well developed the grains are.
As we saw in Fig. 3, films from bath 11l have lower coercivities
than those from baths 1, II, or IV. Also the thickness dependence
of H. for films from bath 1l shows a maximum at about 800 A
whereas the thickness depndence of H. for films from bath I, 1l

and IV shows a monotonic decrease from about 150 A. Within a
model based on interactions between particles the factors which
affect the coercivity of these film are the magneto anisotropy
constant, the grain size and the interparticle interaction. In
particular, a decrease in the anisotropy constant or the grain size
or an increase in the interaction strength tends to decrease the
value of H.. Consequently we may correlate the behavior of Fhe
coercivity with the microstructure as follows. Films from plating
bath Il have, in comparison with films from the other baths, a
smaller grain size, smaller separation between grains giving
stronger interparticle interaction and the grains are less well
developed (poorly developed grains reflect a high strain and, hence,
a lower anisotropy). This morphology therefore suggests that these
films should have a lower coercivity than the films from the ot_her
three plating baths, as observed. As the thickness of the film
increases the grains become larger and better developedt and the
separation between the grains is reduced. The increase in H; for

films from bath 11l between 200 to 800 A therefore suggests th;lt
grain size and grain definition are the dominant_factors in
determining the value of H. rather than the interparticle
separation which would lead to a decrease in H. with increasing

film thickness. By the time the thickness has reached 800 A (the
maximum of H. in Fig. 3), the average grain size has become
comparable to the critical size for a single domain particle and the
grains are well developed. As the film thickness and, hepce, the
grain size increases further we have the possibility of multidomain
formation within single grains. The formation of multidomain

grains and the continued increase in interparticle interaction is
presumably responsible for the observed decrease in coercivity as
fiim thickness increases.

For films from bath 1, 1l and IV, with thicknesses between
100 to 200 &, the grains are already well developed and the average
grain size is near the critical size for single domain particle. Also
since the separation of the grains in these films at this thickness is
large, the interparticle interactions are small making the coercivity
relatively high. Increase in film thickness of these films leads to
mulidomain particles and also causes an increase in interparticle
interaction  because of the smaller particle separation.
Consequently, increasing the thickness causes a reduction in the
coercivity of the film as we observed in Fig. 3. In these filins, a
maximum in the coercivity similar to that observed in films from
bath Il would presumably occur at thicknesses less than thos:
studied.

Finally, let us consider the squareness, S*. As we mentioned
above, the c-axis of the grains in films from bath Il are more
randomly oriented.  Therefore in the absence of magnetic
interactions between grains, the Sonter-Wohlifarth model would
predict that films from bath 11l should show /ess squareness. This
is the opposite of what Fig. 5 shows. In films deposited on glass
or mylar, it is observed that domain motion occurs from grain to
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grain [8] suggesting they are magnetically coupled. Reimer [9]
has studied the behavior of 294 permanent magnets consisting of
100 mm cubes of barrium ferrite mounted 15 mm apart. He finds
that the magnetic interactions between these magnets does indeed
increase the squareness of the hysteresis loops. We therefore
suggest that the intergrain coupling is also governing the squareness
of the loops in our samples. Films with a more uniform grain size
and a smaller separation between the grains will have stronger
interactions and therefore a higher squareness. This could be the
reason that the films from bath Il have a higher S*. Increasing
the film thickness decreases the separation between grains for all
the films and this explains why S* increases with film thickness.
This increase in interaction with thickness, which we have invoked
to explain the behavior of S* with thickness, is also consistent with
the above interpretation of the decrease in H, with the increase in
film thickness.
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Fig. 5. Hysteresis loop squareness S* vs. film ‘thickness.
CONCLUSION

~ The results of this study show that the properties and
microstructural correlations of Co-P films grown on aluminum are
similar to those grown on activated glass or mylar substrates. In
particular, to obtain a high coercivity the average grain size should
be comparable to the critical grain size of a single domain particle
and havp a well developed grain. However, the squareness of the
hysteresis loop seems to depend upon the separation of the grain.
Therqfqre, the optimum film represents a compromise between
coercivity and squareness. In this paper we have also tried to
emphasize the importance of correlating magnetic properties with
microstructure rather than the plating bath conditions themselves.
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Co-Cr RECORDING FILMS WITH PERPENDICULAR MAGNETIC ANISOTROPY

Shun-ichi Iwasaki and Kazuhiro Ouchi®

ABSTRACT

For a new perpendicular magnetic record-
ing system, a Co-Cr recording film with
perpendicular anisotropy has been developed by
an RF sputtering. The Co-Cr films are found
to show some suitable properties for high
density recording such as perpendicular
anisotropy, a rectangular M-H loop, and fine
grain structure. An extremely high recording
density of 100,000 bits/inch was realized by
using the Co-Cr film. The crystal and micro-
scopic structure of the films are also dis-
cussed, and the perpendicular anisotropy of
the Co-Cr films is mainly originated from the
uniaxial magneto-crystalline anisotropy.

INTRODUCTION

We have recently proposed a new perpen-
dicular magnetic recording system, and con-
firmed that a flat response curve of the out-
put voltage can be realized in the high den-
sity region.! This system must consist of a
recording head which produces a pure perpen-
dicular magnetic field, and a medium which has
an easy axis of magnetization perpendicular to
the medium plane.

For the perpendicular recording medium,
it has been pointed out! that a high satura-
tion magnetization and a high coercive force
as well as perpendicular anisotropy are
necessary to obtain high output voltage and
high recording resolution. Furthermore, the
mechanical and the chemical stability of the
medium and the productivity are also desired.

Taking into account these properties, the
authors have pregared the Co-Cr perpendicular
anisotropy film.

Cobalt has a large magneto-crystalline
uniaxial anisotropy energy, hence it can be
used to develop the perpendicular anisotropy
film. The films must have the anisotropy
field Hk surpassing the maximum demagnetizing
field 4nMs. Therefore, it is necessary to add

- other metals to reduce Ms, keeping the c-axis
oriented perpendicularly to the film surface.
We have chosen chromium as an additional
metal, because Co-Cr alloy has a relatively
stable hcp phase at a lower content of Cr, and
at the same time, the saturation magnetization
is expected to decrease when a small amount of
Cr is added.

To prepare the film of Co-Cr alloy, RF
sputtering was used, since it is suitable to
prepare the films of a high melting point
Co-Cr alloy, and superior to the other
methods for the adhesion of the deposited
magnetic layer to the substrate, and also for
reproducibility. In addition, it is also
convenient that Cr has the same sputtering
yield as Co in the RF sputtering process.

It was found that the RF sputtered Co-Cr
film has a large perpendicular magnetic
anisotropy, a high coercive force, and also
other favorable properties for the high
density magnetic recording.

In this paper, the magnetic properties
of the Co-Cr films, and the origin of the

Manuscript received March 14, 1978.

* Research Institute of Electrical Communication,
Tohoku University, Sendai, 980, Japan.

perpendicular anisotropy of the films are
discussed.

UNIAXTAL PERPENDICULAR ANISOTROPY
OF THE Co-Cr FILMS

Co and Cr were co-deposited by an RF
sputtering on the Polyimide film, from the
cobalt target on which a number of electro-
lytic Cr pellets were placed at regular
intervals in a grid pattern. The composition
of the film was controlled by changing the
surface area of the Cr pellets. An alloy
target of Co-Cr was also successfully used for
RF sputtering.

The RF sputtering was done in an Argon
gas atmosphere after baking the vacuum
chamber and the substrate holder at about
300°C. The back ground pressure reaches
below 2 x 10~7 Torr.

The thickness of the film was controlled
by the sputtering time. The deposition rate
is mainly influenced by the RF power density
and the Argon pressure. In this study, we
have chosen such a sputtering condition as
deposition rate of 0.33 um/lhr., the Argon
pressure is 0.01 Torr and the RF power densi-
ty is 0.44 watt/cm?,

The most influential factor on the mag-
netic properties was found to be Cr content
of the film. The saturation magnetization Ms
of the film decreases almost linearly with an
increase of the Cr content, as shown in Fig.l.
The change in Ms with the Cr content agrees
with that of bulk Co-Cr?®, which is depicted by
a dotted line in Fig.1l.

Fig.2 shows the M-H loops of the films
of different Cr contents, measured parallel
(/) and perpendicular (L) to the film sur-
face. The measurements were taken of disk
samples (5mm¢) of a 0.8 um-thick film. In the
figure, no compensation for demagnetization is
made for the perpendicular M-H loops.
Therefore, it is supposed that an intrinsic
M-H loop (L), when compensated for the demag-
netization, has a rectangular shape with an
almost infinite slope. On the contrary, the
M-H loop (// ) is isotropic in the film plane
and has a very small hysteresis loss.
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Fig.1 Ms vs. Cr content for Co-Cr film.
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From the result, it is safe to conclude
that the Co-Cr film has an easy axis of mag-
netization in the normal of the film plane
and a hard axis lying in the film plane.

In order to confirm the anisotropy, we
have measured the torque curve of the Co-Cr
film of Ms 300 emu/cc in the normal plane
of the disk sample. The measured torque
curve, as shown in Fig.3, 1is a slightly
distorted sine wave with a period of 180°.
The polarity of the curve, together with
its period, suggests that the film has the
uniaxial anisotropy whose easy axis lies
along the film normal.

Since the torque curve shows uniaxial
anisotropy, the anisotropy energy Ku can be
evaluated, by using an extrapolation method"*,
from the relation between the torque and the
applied magnetic field strength. In the
method, Ku is expressed as follows, with the
shape anisotropy energy 2mMs? for the circular
disk sample,

Ku = K1 — 2mMs?

where, K. is the intrinsic perpendicular
anisotropy energy.

Fig.4 shows the Ku dependence on Ms for
the films of 1.0 um in thickness, where the
results in the low (curve (A)) and the high
(curve (B)) rate sputtering conditions are
shown.

In the case of (A), we can describe as
follows: With decreasing Ms of the film by an
increase of Cr content, Ku increases steeply
from negative values and crosses over the zero
Ku around Ms 700 emu/cc, then reaches to the
maximum value of Ku = 4.9 x 10° erg/cc at
Ms 300 emu/cc. The positive values of Ku in
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Fig.4 KXu vs. Ms in Co-Cr film for deposition

rate (A) and (B).

Fig4 mean that Ki surpasses 2mMs?, then the
thin film disk is magnetizable along the
normal of the film surface. Ki, calculated by
the equation(l), is positive in the whole Ms
region. Typically, Ki 1.0 x 10°% erg/cc was
obtained for a Ms of 300 emu/cc. Pure Co film
has the highest Kl1, which decreases mono-
tonically when the Cr content is incresed.

The 2wMs?, however, decreases more rapidly
than K. with the increasing Cr content, hence
the relation, Ki > 2wMs?, holds for films of
Cr content greater than 13 at.%. Comparing
the curves (A) and (B) in Fig.4, we found that
the lower deposition rate yields films of
higher perpendicular anisotropy.

CRYSTAL STRUCTURE OF THE Co-Cr FILMS

From the X-ray analysis, the Co-Cr film
was found to have a hcp structure, and neither
o phase nor bcc phas§ of Cr. The lattice
constant C is 4.055 for the film of 20 at.
Cr, which is slightly smallir than the latti
constant of bulk Co (4.069 A). An X-ray
diffraction pattern in Fig.5(a) shows only
the (002) line, suggesting that the c-plane of
hcp structure is oriented parallel to the film
plane. Therefore, the c-axis of a hcp Co-Cr
solid solution, or the easy axis of the uni-
axial magneto-crystalline anisotropy, lies
mainly along the normal of the film plane.

To investigate the c-axis dispersion of
the crystallites, rocking curve was
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(a) X-ray diffraction pattern
(b) Rocking curve of (002) plane.
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measured as shown in Fig.5(b). The rocking
curve represents the angle distribution of the
intensity of the X-ray diffracted from the
(002) plane, and consequently, expresses the
c-axis dispersion of the crystallites around
the normal of the film. As shown in Fig.5(b),
we defined the half angle width A6s5, as the
degree of orientation of the c-axis. The
values of ABs, are 7.5° for the Co film, and
2.5° for the films of 13 at.% Cr. Therefore,
the Co film, as well as the Co-Cr films, is
found to have the c-axis of hcp structure
which is oriented perpendicularly to the film
plane. It can further be said that the c-axis
dispersion of the Co-Cr film is narrower than
that of the Co film. In the aforementioned
high rate sputtering, the Af6s5,'s are about two
times as large as in the low rate sputtering,
in the whole Ms range. The large values of
ABso's mean the broader angle dispersion of
the c-axis. Combined with the result of Fig.4,
the above result shows that the higher perpen-
dicular anisotropy clearly corresponds to the
narrower dispersion of the c-axis. Conse-
quently, it is concluded that K. is primarily
caused by the c-axis orientation of the hcp
structure, and the dispersion of the c-axis
must be narrowed to obtain the higher Kui.

A transmission electron microscopy
revealed that the Co-Cr film is composed of
fine grains as shown in Fig.6. The crystal-
lites are of uniform size and as small as 0.04
um in diameter for the film of a thickness of
0.34 um. The average grain size was calculated
to be one-fourth and one-ninth of the film
thickness for thickness 0.1 pym and 0.5 um,
respectively. Since the grains grow at a very
slower rate than the thickness, it is supposed
that the crystallites in the film grow into a
rod like structure which elongates in the
direction of the film thickness. The above-

mentioned micro-structure of the film is
thought to contribute to the perpendicular
anisotropy.

Fig.6 Transmission
image by electron
microscopy of Co-Cr
film of thickness
0.34 um.
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Fig.7 Bitter pattern of recorded signal on
Co-Cr film of thickness 0.7 um. One
division of scale is 1.0 um.

As described above, the Co-Cr sputtered
film shows some suitable properties for the
perpendicular recording medium, such as per-
pendicular anisotropy, fine grain structure,
and rectangular M-H loop. We recorded a
signal on a Co-Cr film of 0.7 um thickness by
a single pole head and realized an extremely
high density recording. Fig.7, shows the
recorded signal of 100,000 bits/inch developed
by a Bitter technique. Since the direct
observation is very difficult at the remark-
ably high density, the Bitter pattern was made
by applying the perpendicular dc field to the
film after recording®, hence, the stripe's
spacing is two times as large as the recorded
bit's interval of 0.25 um. By this fact, we
confirmed that the signal of 100,000 bits/inch
has been recorded on a relatively thick film.

CONCLUSIONS

The Co-Cr alloy films with perpendicular
anisotropy have been successfully developed by
an RF sputtering technique. To obtain the
higher perpendicular anisotropy, the lower
deposition rate was found to be preferable.
It has also been confirmed that, as a high
density recording medium, the Co-Cr film has
some desirable properties such as a high
recording resolution and a high output in the
new perpendicular recording system. It was
confirmed that Co-Cr sputtered films have
sufficient reliability to record signals in
high densities. The origin of the perpen-
dicular anisotropy of the films was found to
lie in the magneto-crystalline anisotropy and
the shape effect of the rod like structure.
The quantitative evaluation of the each origin
of the anisotropy has not yet been done, and
the reason why the addition of the Cr causes
the high orientation of the c-axis is not yet
known.
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STUDIES ON MAGNETIC RECORDING *)

by W. K. WESTMIJZE 621.395.625.3

I1. FIELD CONFIGURATION AROUND THE GAP AND THE
GAP-LENGTH FORMULA

1. Types of head to be discussed

We are interested in the configuration of the magnetic field around the
gap for two reasons: (1) on the recording side it informs us about the
magnetic fieldstrengths the tape traverses in passing the gap, while (2) on
the reproducing side it enables us, making use of the reciprocity theorem,
to calculate the flux through the coil of the reproducing head due to the
presence of a sinusoidally magnetized tape. This may be shown as follows.

The field distribution being known, the flux @ through an arbitrary
cross-section of the tape caused by a current I through the coil is also
known. Now the reciprocity theorem states that, on the other hand, a cur-
rent I round this cross-section of the tape excites the same flux @ through
the coil of the head. Replacing the tape by a series of currents of appro-
priate strength round the tape, the resulting flux through the coil of the
head may be found by summing the contributions of all these currents.

It is easily seen that if the recorded wavelength is great compared with
the length of the gap and small compared with the length of the head,
the flux through the coil equals the flux in the tape in front of the gap.

Deviations occur if the wavelength is of the order of the length of the head

or of the order of the gap length.

We are chiefly interested in the latter case. Here the contributions to the
flux are mainly due to elements of the tape in the neighbourhood of the gap.
So it makes no difference if we suppose the head to be infinitely extended
in the longitudinal direction of the tape.

A further simplifying assumption, which makes the potential problem a
two-dimensional one, is that both the tape and the head are of infinite

*) Continued from Philips Res. Rep. 8, 148-157, 1953.

width. Finally we suppose the per ili i
that of the heZld to bepi[rjlﬁnite. permeabillty of the tape to be -
We shall discuss in this section three types of head (fig. 4). In the fir
one (fig. 4a) the gap is formed by two parallel planes x — — 1/2 and x it
.-i- .1/2. The tape is moved parallel to the x-axis. Although this type of hegi
is Impracticable, for the tape would have to cross an infinitely small sljt
in the walls of the gap, it is of some theoretical interest. The fieldstrengtp
in this gap is easily calculated, and it is for this simple model that fh
well-known gap-loss formula sin(zl/1)/(=l/4) holds. ’

The second type (fig. 4b) is formed by two thin sheets, extending in the
plane y = 0, one from x = — oo to x — —1/2, and the other from x — 2
to x = oo. This model resembles more or less some heads used in practice
The field distribution as well as the gap-length formula can be calculated.

and
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: Y ; Fig. 4. S%lape of the pole pieces P
Q% and relative position of an element

of tape T for the three types of
C head discussed.
a. Infinite gap-
b. “Thin” gap;
c. Semi-infinite gap.
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In the third type (fig. 4c) the left pole piece is bounded by the plane
y=0fromx = —ootox = —[/2 and by the plane x = — )2 fromy =0
10 ¥ = —oo. The right pole piece is symmetrical to the left with respect
to the plane x = 0. This type bears close resemblance to practical heads
but the calculations are rather difficult to carry out. ,
' Seen in the direction normal to the tape the gap is infinitely extended
in both the positive and the negative direction in the first type; in the

Reprinted with permission from Philips Res. Rep., Part I, vol. 8, no. 3, pp. 161-183, June 1953.
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second it is infinitely small, while in the third type it is infinitely extended
only in the negative direction. Thus the latter type is intermediate between
the other two.

In all three cases the permeability of the head material is supposed to
be infinite, so that the pole surfaces are magnetic equipotentials. The coil
of the head, consisting of one turn, may be supposed to be wound round
a connecting element of the two pole pieces. A current I through this coil
results in a magnetic potential difference I between the pole pieces. Thus
the potential function V (x,y) solving the problem has to satisfy the
boundary condition V' = } I and = —} I respectively for the two pole
pieces. From the symmetry it is clear that V' = 0 for x = 0.

A current I through the head excites in an element of the tape of width
b and thickness dy a flux

dd = —puy, — b dy.
ox

According to the reciprocity theorem a current I round the element
bdy excites the same flux in the coil. If the tape is magnetized according
to My = Mcoskx, (k = 2x/4), My = M, = 0 (longitudinal magneti-
zation), the magnetic moment of an element of length dx will be equivalent
to a current I’ = (Mj/u,) cos kx dx round the element. So the flux in the
coil caused by this layer of the tape is

=y

/ i cos kx dx. (1)
Lo0x

—x

MO
do = —="bdy

Here 3 V/ox is taken along this layer. For a tape of finite thickness the total
flux is found by integration over y.

For reasons of symmetry it is obvious that 8¥/3x is an even function.
Thus a tape magnetized according to My= M, sin kx will induce no fluxin
the coil, 3¥/dx sin kx being odd and therefore integration from —oo to
+ oo giving zero.

2. First type, infinite gap

In this simple one-dimeusional problem the potential is V' = Ix/l, and
the fieldstrength H = I/I.

The flux coming from a cross-section bdy of a tape magnetized according
to My = M, cos kx is (eq. (1))
M +12 I A o
dd — — ‘—I" bdy | coshxdx— M,bdy S}“k(l’;’“).

2

The contribution of a tape of thickness d and width b is

sin (kl/2)

® = M,bd - = & G(alj}),

klj2 )
where @' = M bd and G(x) = sinx/x. .

This is the well-known gap-loss formula, derived by Liibeck 1) for a head
of type c. The assumption Liibeck makes in the derivation is that the lines
of force leaving the tape are distributed in inverse proportion to the distance
to the pole pieces. This condition is fulfilled in the case discussed here, but
not, as we shall see, for a head of type b or c.

This gap-loss formula bears close resemblance to the formula for the
loss due to the finite width of the light-slit in optical recording and repro-
duction. In the latter case, however, the amplitude is proportional to the
width of the light-slit, while in the case discussed here for long wavelengths
the flux is independent of the gap length (as long as the reluctance of the
air gap remains great compared with that of the path through the coil).

3. Second type, ‘“thin” gap

In order to discuss case b we consider the transformation
z = (i1,2) sinh (=W/I) (3)

giving a conformal mapping of the W-plane (W = U 4-iV) on the z-plane
(z = x +iy). The lines U = const. and ¥ = const. in the W-plane are
represented in the z-plane by confocal ellipses and hyperbolas respectively.
The line segments 4B and CD (fig. 5) are special cases of the confocal
hyperbolas, obtained for V' =11 and V = —} I respectively. So the
potential function V' (x, v) satisfying the boundary conditions of our prob-
lem may be found by separating in eq. (3) real and imaginary parts and
eliminating U.

z-plane
P Q R
Y
A  _ __L_ _C D
) -5 0 x L
w -plane
8’ Al
oo
r F
L
—=U\Q
|
I
ler Ry
L Red
2 75121

Fig. 5. Mapping of the z-plane (z = x + iy) on the W-plane (W = U + iV) for the case b.
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Since dw oU oV
J— - + 1 -—
dz ox ox
or, with the Cauchy-Riemann relation 0 U/ox = o V/oy R

dWw oV oV
= e gy

dz oy ox

it follows that the absolute value of the fieldstrength is given by

oV oVE aw
Ve + =

Thus in our case the fieldstrength H, = — 0}/0z normal to the planes
V = constant is found by taking the absolute value of
dw 21

——— [

1 — (22/1 2(—’/,,
dz a1l (2/1) s
therefore 9

I
V2 l—1,
Hn = ;{’ *i I:l —_ (22/1)2‘ ! ,.
For the special case x = 0 we have
21 .
Hy = — — 31 4 (2y/1)2{" .
7zl

To obtain the flux induced in the coil of the reproducing head by a
+
magnetizeu. tape in a plane y = constant | 3¥/dx cos kx dx has to be
—©
calculated,where 3 V/ox is taken along the line PQR in the z-plane.

Since |dW/dz| — 0 for 2— oo, integration of (dW/dz) exp(ikz) along the
semi-circles at infinity in the upper half of the z-plane gives zero. Thus for
any line y = const. > 0

+

rdW .
j —— e dz =0
dz
x==C0
and therefore +eo
dw .
/ —— e dx = 0. 4)
dz
-

On the other hand integration of (d W/dz) exp(—ikz) along the contour
AODRQPA gives zero and thus

eky /‘ (dW/dz) e_ikx dx = /ﬂ (d W/dz) e—ikx dx. (5)
PQR 40D

Therefore with eq. (4)

dw / dw
ky —
e ,}( . cos kx dx & cos kx dx

40D
or
U oV W U v
it bl — ok T
f(Ox +1 Ox)coskxdx e / (6;\: +1 Ox) cos kx dx.
PQR AOD

Taking the imaginary part on both sides it follows that

14 e OV
) — ok | .
j o coskxdx = e ] " cos kx dx (6)
POR AOD

This is a general formula which holds provided only that |dW/dz|— 0
for |z| — oo. Since in our case 3V/ox = 0 along AB and CD the
integration on the right-hand side can be taken over BOC.

To evaluate the integral on the right-hand side of eq. (6) we have to
find the dependence of x(V) on V for the x-axis.

From eq. (3) it follows by separating the real and imaginary parts that

l aU | =V

x:—ECOSh—I—Sin“

I
l U 14

y = E SinhTCOS'—I-—-
Thus for y = 0 it follows that U = 0, and therefore x = —(l/2) sin (z V/I).
Eq. (6) now becomes
-2

14 l Vv
/ — coskxdx = ™™ / cos Sk (—— — sin " )2 dV =
S dx . ( 2 I/
PQR +12
+n/2
I : kl kl
=—_ e / cos (E sin 1:> dr = —1Te™ J, (E>
—nf2

So we obtain for the flux contribution of an element bdy at a distance y
from the head
d® = M J,(kl/2) e dy.

Integration over y from a to a + d gives for the flux from a tape of thick-

ness d on which is recorded a sinusoidal magnetization with an amplitude

Mg, and a wavelength A (= 27/k), and with a space a between head and tape,
1 — g2nd/

’ —2naji
O i T ol ) )

where @' = Mbd.
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From a tape magnetized according to @’ cos }27 (x—x')/A{ only the even
term @’ cos (27x/A) cos (27x’/1) contributes to the flux in the coil. If the
tape is moved with a speed v along the head (x’ = vt) the flux in the head is

> 1 — ¢~2ndiA i ' -

T 2mdii e Jo(7l/2) cos wit; (w=2mv/1)
and hence eq. (7) represents the amplitude of the flux variation in the head
if a sinusoidally magnetized tape is moved along the head.

The three factors describing the influence of tape thickness d, space
between head and tape a, and gap length [ are occurring separately. Thus
the gap loss is given by the Bessel function J, (71//1), independent of tape
thickness and distance head-to-tape. In fig. 9 this function is plotted against
l/A. Comparison with the gap-loss function sin(zl/A)/(wl/4) for a head of
type a shows that the decrease of the amplitude of the maxima and minima
is slower. This is also shown by the first term of the asymptotic expansion
of the Bessel function

sin (zl/A + 7/4)

Jo(ljh) ~ o
o

The above solution of the potential problem also holds if, instead of the
boundary discussed, the pole pieces are bounded by two blades of hyper-
bolas with focal points B and C (fig. 5). However, a tape parallel to the
x-axis is impossible in this case for it has to cross the pole pieces. When,
however, this cross point occurs for x large as compared with the gap-length
it makes a negligible difference on the flux in the coil if for larger x the
tape follows the surface of the head instead of crossing it.

4. Third type, semi-infinite gap

In this case the potential problem can be solved with the Christoffel-
Schwarz method. Because of the symmetry it is sufficient to consider
the problem where the potential of ABC (fig. 6) is I, and that of DE is
zero. Application of the theorem of Schwarz and Christoffel gives as the
equation from which the transformation of the contour ABCDE in the
z-plane into the &-axis of the {-plane (¢ = & +i7) is found
e 3¢

dg (—1
which on integration leads to
(e ram! =l e
2=2C|{V{ +4ln— +C.
Ve+1

If VE is defined such that VIE lies in the first quadrant for Im(¢) > 0, and

the logarithm such that for { — oo, In ;(]’/Z— 1)/ (}E + 1)( —> 0 the values
of the constants C and C’ are found to be C = il/2z and C" = 0. The
required transformation now becomes

(8)

.l — - . 1\
z:i—<}’§+12-ln}€ )
4 Ve+1
On the other hand the equation
- WP =T +iV) ©)
7

transforms the W-plane into the {-plane such that, if the logarithm is
real for £ > 1, ¥V = 0 is mapped on D'E’, and ¥V = $I on A'C’. In general
a line ¥ = V, in the W-plane is mapped in the {-plane on a straight line
through the point C’ (1,0) making an angle 2z V,/I with the positive
E-axis.

Elimination of £ from (8) and (9) gives the desired transformation, where
V satisfies the potential equation and the boundary condition.

z-plane

[=

W-plane
¢ v-% g 2"

Frd ]
3 F
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Fig. 6. Mapping of the z-plane (z = x + iy) and the W-plane (W =U +iV) on the
¢-plane ({ = & + in) for the case c.
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An analogous solution has been given recently by Booth13).
It is impossible to give V' (x, y) in explicit form for the general case;
this is only possible in the limiting cases U/I << —1 and U/I > 1.

For U/I< —1: [t—1] =]« 1,

il
zml—(l—ln2 +aWiI),
7

so that I

Because y~ IU/I, and U/I< —1 this gives the solution deep into the
gap. Here the equipotentials are straight lines parallel to the gap wall.
The fieldstrength H = I/I.

For U/I >1: 22 WT N il =

[ r~e

whence
] :
x +iy ~i—e" 3cos (aV/I) +isin (nV/I)f ,
7

x
V ~ — — arctan —.

7 y

At great distance from the gap the equipotentials are radial and the
lines of force circular. This is the same solution as for an infinitely short
gap. The radial component of the fieldstrength is zero, while the tangen-
tial H; = I/nr = (l/nr) H,, where H, is the fieldstrength deep into the gap.

For intermediate values of U/I, that means in the neighbourhood of
the edge of the gap, even an approximate solution cannot be given. Fig.7
gives some equipotentials (V' = constant) and lines of force (U =,constant),
calculated in a graphical way. The dashed lines are lines of constant field-
strength, the value of which is expressed in the ratio to the fieldstrength
H, deep into the gap, H, = I/I.

As may be expected the fieldstrength rises indefinitely towards the
sharp edge of the gap. For magnetic recording, however, this has no real
significance, firstly because fig. 7 shows that even for the sharp edge a
tape passing at a distance greater than about 1/10 of the gap length does
not experience a fieldstrength greater than that in the gap, and secondly
because the gap edge of an actual head is never completely sharp.

Although a general solution for the potential V (x, y) and for the field-
strength H (x,y) cannot be given, an expression may be derived for the

fieldstrength along the boundary. From dz/d{ = (il/2n) #E/(C—- 1) and
dWjd¢ = (I/2n)/(¢ —1) it follows that

aw I 1 _H,

YV =1l == —1 —=-
dz Ly Ve 10
Since oVE_ W |aw| H
H=V— _ = |— = 0 .
(Bx) +(by> | dz vzl

the transformation (8), representing z as a function of V¢, provides a rela-

tion between z and H in the case where J¢ can be expressed in I]/El
This is true for the boundary lines, where ( is real.
Thus for the segment 4B, where { < 0, we have VE: i ]Vﬂ =1iH/H,
Therefore
il /. H,
z = — (1 H +4In

T

iHy, — H)
tH, +H

whence

! (H, H
x:—-—(k +arctan—>,
4

H H,

y=0.

-
5]
A

05 7

05|

I
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Fig. 7. Equipotentials, lines of force and lines of constant fieldstrength (dashed curves)
for the case c.
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For the segments BC and DE, { > 0 and thus } C = |} ;‘| = Hy/H. Hence
for BC

x=—1/2,
NI T S
~\H ' * 1+ Hy/H
and for DE
x=0,
l (H H,/H — 1,
V__._,(__Q_ 1ln- Y ,*)
i n \H “ HyH +1

Fig. 8 gives the fieldstrength along the boundary computed with these
formulae.

T
[N

)
s
[ E

-6 -5 -4 =3 -2 -1

78124
Fig. 8. Calculated fieldstrength along the boundary ABCDE (fig. 6).
(a) H,/H, along AB as a function of n = x/l + %,
(b) Hx//Ho I BC 99 99 9 »w N = y/l9
(C) Hx/"Ho EY) DE ETRNETY ” 9w N = yl/l'

vV
In order to calculate / P coskx dx along the line FG in fig. 6,
Jodx
—c0

needed for the evaluation of the flux through the coil, we consider
daw . aw .
f ——e*dz and f e g,
dz dz

The first integral is zero along FGEF which gives with (8) and (9):

<

0 —

W I 1 El / — -1,

—ky o pikx o o . = 11 " dr — .
e ,/ o € dx+2n/C—IeXP( n(}g —1—21n}’EJ—1> dc=20

- G’

Since { is real and greater than 1 the latter integral is real. Thus, taking the
imaginary part, it follows that

0 0
s oU oV
V/ . sin kx dx -+ / o cos kxdx = 0. (11)

—cc —

The second integral is zero along ABCDGFA which gives

0 e -
W I - 1 kl/ {—1y,
it / gy e dx = 5 / 707 oXP : ~<1 {+4n L— ): d¢
5 O T, ¢ T o+ 1
Taking again the imaginary part:
0 U 0 V ?
) ]
ky ) | & d . dx' =
e / o sin kx dx + / o cos kx dx
- -0
| 1 Gkl 1Z—1y,
-1 exp (1T 441 —:_)
o l / _lexp(n(\,lg 3 l:_}_13(1

or with (11)

14 Kl

/ ——coskxdx:——e}Ie""S(—)’
ox \ 2

%

where o
1

1 -

S(r) =Tm | — |

22 L 1—0 " (n ¥o+1

1 - /e —1
expszr(lf—i—%ln]{E >id;’}

Following eq. (1) the flux from an element b dy is
d® = M dy e™ S(k1/2).

Thence a tape of thickness d and width b at a distance a from a head of

type ¢ gives a flux
1 __e—2nd/}. X
D= ———— " S(al/2). 13
Smdii © (=l/2) (13)
The gap loss is given by S (7), with v = kl/2 = nl/A. For S (r) we may

write

—_— expgi—z—y;r (ﬁ—arctanu + —g)g du +

1—
1+

—+—Iml / —u~§ exp321<u +3In

T

u LT e
u +L'§>> du’ (14)
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or
n/2

S(r) = l / tan @sin?z
T

7T

(tand5 ¢+—~>§d¢ +

1 [ exp(zf(u+%lni—%)€du. (15)

—u?
For large values of 7 the main contribution to these integrals comes from
small values of the argument. In the first integral of (15) this is true
because sin }(27/7) (tan @ — P + 7/2)¢ becomes a rapidly oscillating
function if (27/7) tan @ > 7/2 thus giving no contribution to the integral,

while in the second integral

u+4%ln

1—u ud ud

1+ 3 5

is always negative and approaches —oo for u—> 1, therefore also giving no
contribution to the integral if (2¢/7) u3/3 >>1. Hence eq.(14) may be

written

2 x  ud ud \
: (.2 3 5 )

x®
1
S(tr) = —Im [u(l——uz—}—u‘l...) expli — 7T
7 J Cn
0

1
. 2 3 3 \
+i1m/u(l+u2+u4 )exp-g (z—y——~u~—-...)2du.
7 (
0

Extension of the upper limit in the second integral to o© gives a negligible
contribution to the integral. Therefore, developing for powers of u and

making use of the relation

v 1 I')(p+1)/q}
/ )
v/ xP exp (—w x7) dx = — ————W(PH)T

0
the asymptotic expansion

3 -F(/s . I'(/w)
@y T ey

is found.
The above expansion is obtained by developing eq. (14) for small values

sin (v—n/6) +0 (=) (15a)*)

S(t) ~

*) In the course of this work The Mathematical Centre at Amsterdam also verified eq.
(15a) by a more rigorous analysis.

of u, and therefore of C. Since the region round { = 0 is mapped on the
edge of the gap this means physically that only elements of the tape close
to this edge are considered. Therefore the leading term of the expansion
(15a) can also be arrived at by expressing 0¥/0x in x for small values of ¢
and then according to eq. (6) evaluating

0

oV
/ — cos kx dx.
. 0x
~1/2
Eq. (8) gives in first approximation
l il o
z=———— ("
2 3z
In order to move along BO the argument of { = re’” has to be taken
@ = 7/3 which means that in fig.6 the representation on the (-plane
of the line OA in the z-plane makes an angle n/3 with the &-axis. Thus
x = —1/2 + (I/37)r "

. dW . /5
Since % = i(I/1)]V ¢ (eq. (10)) it follows that

oV I 1 I T

R i I 3‘/0 l /s
—=——Re——=——r1r""cos —=——- —- - —
ox AT R T P (x T2 )
and
0 . 0
/‘ oV o de — I 3%  coskx
| 5y coskudr = — oy / 7 dx,
i L (x +1/2)
where
0 k © =)
~ cos kx : s
/ (—x——{—l/T)’/’ x A / cos %k(x——l/2)€ x~dx = Re / e IR = dp =
=1/2 (1] 6

==
= Re e *¥2 / e (iy) " idy =

0

VATA y (kl L7
m { — — ]
k' 2 6)
it follows that
Kkl 2 aV 3T
S(») = — / — cos kx dx = "*‘i,('/g) %ﬂ

ox !

which is the leading term of (15a).

For smaller values of 7, S(z) can be computed numerically. In the next
table the values of S(7) as computed by The Mathematical Centre at
Amsterdam are given for 0 << v << 5. Column 3 gives the values obtained
by using the first two terms of eq. (15a), and column 4 those of the first term.
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TABLE 1

Values of S(z) for 0 <t <5, as computed according to different formulae.
T/7 S(7) L= a;1fd(21‘;i)term 1st term of (15a)
0-000 1
0-125 0-969
0:250 0-880
0-375 0-740
0-50 0-565 0-571
0-75 0-180 0-182
1-00 —0-135 0-135
1-25 —0-282 —0-282
1-50 —0-244 —0-244
1-75 —0-084 —0-084
2-00 0-091 0-092
225 0-188 0-188
2-50 0-167 _ 0-167
2-75 0-057 0-057
3-00 —0-072 —0-071 —0-078
3-25 —0-147 —0-144
3-50 —0-132 —0-123
3-75 —0-044 —0-035
4-00 0-061 0-065
4-25 0-122 0-120
4-50 0-110 0-103
4-75 0-037 0-030
5-00 —0-053 —0-056

It is seen from the table that from 7 = 0-57 onwards the approxi-
mation by the first two terms is very satisfactory, while from 7 = 5z
onwards, that is past the fifth zero, the approximation by the first term is
reasonable.

The gap loss S (nl/1) as a function of [/A is represented in fig. 9. It is
seen that, as could be expected on physical grounds, the gap-loss function
for a head of type c is intermediate between those for types a and b.

Equations (2), (7) and (13) give the output for the three types of head
in the case of alongitudinally magnetized tape. For perpendicular magnet-
ization a head of type a gives no response as may be seen from the sym-
metry, whereas for the other heads the output is still given by equations
(7) and (13). We proceed to prove this.

In order to apply the reciprocity theorem to perpendicular magneti-
zation we have first to ask for the flux through an element bdx, lying in
the plane of the tape. This flux is given'by —, (0V/dy) b dx. Thus, applying
the reciprocity theorem in the same way as above, we find for the flux
through the coil of a reproducing head from a tape magnetized according
to My = M, sin kx, My = M, = 0

+©
— M, -1
do = —"bdy [ ——sinkxdx.
I S0y

Here the contributions from a cosine term in the magnetization cance]
each other out.

1-0

A NS
a AN
02~ ¢ 75125

—0d)-

Fig. 9. The three gap-loss functions G(zl/4), Jo(nl/1) and S(nl/A) as a function of I/4
for heads of types a, b and c respectively.

Since 8V/dy = 0 in the gap of a head of type a the output is zero for
this type. For types b and ¢, however, it follows from the fact that Vis an
analytical function that 3¥/dy = dU/dx. Putting in eq.(4) dW/dz =
dU/dx + i 0V/ox and taking the imaginary part yields

+o U +o 5
- 0 ~
/ —— sin kx dx = / — cos kx dx,
ox . ox
-0 -0

whence

+
12
40 = A—f—qbdy / %;coskxdx.
-

This is eq.(1) with opposite sign.
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5. Reproduction at long wavelengths

Until now we have assumed that the reproducing head is long compared
with the wavelength to be reproduced. In practice this will not always
be so, and, as a consequence, deviations from the predicted frequency
characteristic may occur at low frequencies.

In order to determine the influence of the finite length of the head we can
proceed along the same lines as above for the influence of the finite gap
length. First we determine the field distribution around an energized head
of finite length and then calculate the flux from a magnetized tape by
application of the reciprocity theorem. This in fact was the method follow-
ed by Clark and Merrill ) who determined the field distribution by
direct measurement.

The field measurements being difficult to carry out with sufficient accu-
racy, a calculation of the field may be useful. On the other hand such cal-
culations become very difficult without a number of simplifying assump-
tions. Perhaps the most significant of these is that the problem can still
be treated as a two-dimensional one, although in reality the width of the
head is of the same order of magnitude as the wavelength and sometimes
even smaller.

We shall first carry out the calculation for the simple model of a head
consisting of two thin magnetically conducting sheets of finite length, 40
and OB in fig.10a, in close proximity over which the tape is transported.
This is the model discussed in section 3 where, however, the length of the
head was assumed to be infinite. To simplify matters we shall here assume
the gap to be infinitely short.

The potential problem we have to solve here is that in the z-plane 40
be at a potential I/2 and OB at —I/2. Carrying out an inversion with
centre in the origin, and inversion radius L/2, 2’z = (L/2)?, gives in the

A o x B

l-——gz———‘vﬂz——l

I/2
=S

Fig. 10. a. Schematization of a thin head of finite dimensions. b. Distribution of the
potential along the x-axis.

o

z'-plane the boundary condition that the potential ¥V be I/2 from x' =
—oo to L/2 and —I/2 from x’ = L/2 to -+ oo. The solution to this problem
1s given by eq.(3), whence the transformation satisfying our problem is
found to be

a e L 1
2 sinh (z W/I)
In order to calculate the flux through a coil, wound round a connect-

ing element of the two pole pieces, we can apply eq.(1) and calculate
therefore

oV
/—— cos kx dx
ox

along the x-axis. The potential along this axis is sketched in fig. 105,
Integration along 40 and OB gives no contribution since here 3V/ox = 0.
Therefore the contributions to this integral are coming from the line seg-
ments outside 4B, and from the origin, where oV/ox is infinite. Outside
AB, U = 0, so that

_ L
~ 2sin (=V/I) '

Hence

ﬂ’= I—L ~1— (1—L2/4x2)~" for |x| > L2
ox 27 a2 =~ )
In the origin

ov

gx" = — Ié(t),

where § is the Dirac delta function.
Therefore, the flux in the coil is found to be

2 7 d
Q5=<Z50<1—~/ cos Bt r>’

. Vr2—1 7

(16)

whffre.ﬂ =.kL/2 = nL/2 and @, = M, bd is the amplitude of the flux
variations in the tape. The integral can be transformed by differentiating
with respect to f, which gives

-/

o
1

sin 1

Vrz— 1

de = — 2 Jy(B). 1)

Hence

© ’ B
2 cos St dr
nf Vrz_ﬁ—“)f%(")d"“'
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Since for = 0 the first integral of this equation is 1 and and the second
0 it follows that ¢ = 1, and therefore
aLjA

DDy = [ Jylx) dx, (17)

0

which is a tabulated function 6).

An approximation of this result can be obtained by noting that in eq.
(16) the main contribution to the integral comes from 7 ~ 1. This is
especially true for large values of 3 since then the contributions to the
integral coming from larger values of 7 cancel each other out owing to the
fluctuating character of cosft. Therefore

y p=
/ Cobsfl dr A = 'ﬂ.,'(ll/—*_k)s dk = lg cos (B + w/4)
1” }Tz—]. T 2 sk 2 /)’ 2
and hence
l/'
DDy ~ 1 cos }n(L/Z +Ht. (17a)

EVDE

From fig.11, giving @/®, computed from eq.(17) (full line) and from
(17a) (dashed line) it is seen that the approximation is excellent for values
of L/A>1.

/ N |
AT
B | | i
i |
% — A | — \ z

—=L/A 7527
nL|A
Fig.11. [ Jy(x)dx as a function of L/A (fullline) and the approximation of this integral
0

cos [7(L/4 + 1/4)] .
———m)‘/‘ (dashed lme).

by 1—0-45

We can now proceed to calculate in the same approximation the more
realistic case that the edges of the pole pieces where the tape approaches
and leaves the head, 4 and B in fig. 12, are 90° and not 180° as in the
preceding case.

Application of the theorem of Christoffel and Schwarz leads to the
equation transforming the contour CAOBD into the £-axis of a Z-plane:

3= — )L V1—{ + arcsin (.
L/
Here the principal value of the arcsin has to be taken, and that valye
of the root which is positive in the origin.

The edges 4 and B are mapped on J = —1 and = + 1 in the ¢-plane
respectively.
y
A X B
c D

75128

Fig. 12. Schematization of a finite head with 90° edges.

On the other hand, the equation

§ 1
W= "Int—
7 2

transforms a W-plane (W = U + iV) on the {-plane such that V' = + I/2
is mapped on the negative and ¥V = —I/2 on the positive &-axis.

From these equations it is found that the fieldstrength at the edge B is
in first approximation

oV r 3 1
ox L™ 2% (x—LJ2)"

so that the required integral is

) 3% e /kL ;
/ —coskxdx ~ I — _Jf_:_ cos (— + -E> .
dx 2 'l (kL)/u 2 6

L2
Hence the total flux through the head resulting from the contributions
of the gap and the two edges is
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Le \ /L 1) cos 37(11/1 +1/6)!

@ 3h
7 TN TR T g

—~l—— 5 cos
2, 22 (LR
In fig.13 @/®, according to (18) is plotted (full line) together with
two measured response curves. For the first of these (dashed line) the tape
was led immediately over the edges of the head. Apart from the fact that
the zeros are shifted to lower values of L/4 there is good agreement with
the theoretical curve. The difference may be due to the non-validity of the
assumption that the head is broad compared with the wavelength.

. (18)

1-2| '>x\]
/\ //—//-;\, ST A
/6, 0 = ;
| i
e T
T 1 | | I
04 i
N O A A
0 | _
0 1 2 3 4 5 6
—L/A 79129

Fig.13. Calculated output for a finite head with 90° edges (full line) and measured curve
for the case that the tape is led immediately over the edges (dashed line) and at a distance
of 2 mm from the edges (dotted line).

In the other case (dotted line) the tape was led in a straight line in front
of the head, touching the head only at the place of the gap. Owing to the
receding angles of the front planes the tape now passes the edges of the
head at a certain distance, the influence of which may be described in
first approximation by addition of a factor exp (—2ra/A) to the last term
of eq.(18), where a is the distance between tape and edge. This effects an
increased damping of the oscillations in conformity with the measurements.

6. Discussion

In our analysis we supposed the permeability of the tape to be unity.
A general solution for the case of a permeability other than unity cannot
be given. For a special case, viz. 4 = 3 and a gap length equal to the
thickness of the tape, a graphical solution was given by Begun 17).

Our calculations show that for the three types of head discussed the
factors describing the influence of tape thickness, space between tape
and head, and gap length are occurring separately. For the “open” heads,
types b and ¢ of fig. 4, the influence of the first two is for longitudinal and
perpendicular magnetization given by

1— e—2nd/).

—2na/l
22dj2 ¢

The same expression was deduced by Wallace 12) in a different way. In
both derivations, however, the assumption is made that the permeability
of the tape equals unity. We shall see in Part IV that for a tape of higher
permeability the expression becomes more complicated.

The gap-loss formula sin(wl/A)f(nl/2) is valid only in the theoretical
case of a head of type a. For the more realistic types b and ¢ the general
behaviour, i.e. an oscillating function with decreasing amplitude, is the
same. But the existing differences have important consequences for some
frequently used procedures in magnetic recording. Thus it is common
practice to deduce the gap length from tape velocity and frequency of
the first zero, on the supposition that here I = A. Fig.9 shows that, for a

_type-c head, I = 0-91 for the first zero, so that the actual gap is 109,

smaller than the calculated gap with I = . This is confirmed by the meas-
urements of Liibeck 1) who concluded that the magnetic gap is 10%, longer
than the mechanic gap. If the length of the gap is comparable with the
depth (wide-gap measurements) the difference may become even greater;
for then a head of type b is approached.

It has been proposed 18) to use wide-gap measurements as a means to
determine the actual flux in the tape. Then the successive maxima of the
voltage across the open terminals of a reproducing head, which occur if
the frequency is gradually increased, are measured, and the recorded flux
in the maxima is put proportional to this voltage. The latter is only true,
however, if the gap-loss formula G is valid, for then, since the open voltage
is proportional to the frequency, the voltage over a one-turn coil is given by

v sin (nl/2)

E=o0®G(al/i) =2 _ — ],
0PCEA) =25 —

where @ is the recorded flux. Therefore in the extremes, where
[sin (#l/2)] = 1,

2
Ep = ,l,’f o,

independent of the wavelength.

If, however, the measurements are carried out with a head of type ¢,
as is normally done, the gap-loss function S(//4) has to be used. Then the
voltage induced by a thin tape in close contact with the head is given
approximately by

31/«1-'(2/3) ( l)l/a 2/0
A

I\ 20
“ ® ~ 1023 (—) 2 o,
I Py
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rising, therefore, with respect to the former formula as (I/1)”* ~ o', or
2 dB per octave. The calculated dependence of the voltage on I/A for a
constant amplitude of the flux in the tape is given in fig. 14.
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Fig.14. Calculated output for wide-gap measurements with a semi-infinite gap.

Further it must be remembered that, although in wide-gap measure-
ments the gap is long compared with the wavelength, the dependence of
the output voltage on the space between head and tape is the same as in
the case of a narrow gap, being given in both cases by the formula
exp(—2za/i).

Recently Schmidbauer 1°) has also derived the 2dB/octave rise. He
arrives at an approximate formula for the gap loss analogous in behaviour
to our function S(xl/1). An expression is also given for the long-wave
deviations of the frequency characteristic due to the finite length of the
reproducing head, which qualitatively explains the experiments.

In another recent publication Mankin 20) discussed these deviations,
under the name of interference effects, by comparing the head with a
multiplicity of gaps each acting as a source of flux. The edges of the head
act as such sources. This is in conformity with our formula (1) since at the
edges dV/ox is large and will, therefore, give a large contribution to the
integral and thus to the reproduced flux.
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CALCULATION OF THE MAGNETIC
FIELD IN THE FERROMAGNETIC
LAYER OF A MAGNETIC DRUM

BY OLLE KARLQVIST

1. Introduction

A magnetic drum is used to store information. The information

"may come from an electronic computer or from a telephone dial.

The magnetic drum consists of cylinder on the surface of which a
ferromagnetic material is coated. It is equipped with reading and
recording heads, which enables binary data to be recorded in the
form of magnetized elements on its surface when the drum rotates.
When a pulse is read in, it is stored as an elementary magnet with
a north and a south pole. The length of this dipole is of the order
of magnitude of 3 millimetres. The drum contains a number of
channels, the distance between them being usually a few millimetres.

The drum has been proved to be a reliable store and it is used
in most electronic computers. Drums have recently found applications
in telephony (MALTHANER and VAUGHAN, 1953) and other branches
where storing of information is necessary.

In this paper we study the field in the ferromagnetic layer and
the variation of this field with permeability, airgap, layer thickness
and other influencing factors. The problem is definitely non-linear
and extremely difficult to solve. But the linear case gives a first
approximation, which in some cases seems to be satisfactory. Here
we solve the linear boundary value problem for the two-dimensional
static field and the one-dimensional transient field. Warrace 1953
has solved the stationary linear case by assuming a sinusoidal surface
magnetizing field and has found very good agreement with measure-
ments. In an unpublished report by D. HUNTER, WALLACE’s method
is generalized to space magnetizing and the demagnitizing effects
are also studied. WEsTMIJZE 1953 has made a very thorough study
of the problem, but all parts of it are not yet published.

The drum for which the numerical computations have been made
is that of the Besk, the Swedish electronic computer. This work
was, however, done after this drum was designed. The pulse frequ-
ency is assumed low enough to neglect eddy current losses in the head
and layer, that are made of a spinel material.

2. Main results

Below are given the analytical expressions for the magnetic field
in three different cases. The numerical values of the magnetic field
for special values of the parameters can be found in sections nr 6
and 7.

A recording head of normal construction is shown in fig. 1. Usually

the most interesting region is around the gap and this is shown in
fig. 2.

The three cases are:

1. The permeability in the layer is 1.
The permeability in the layer is greater than 1, but the layer is
infinitely thick.

3. As 2, but the layer is finite.

The notations are

d = layer thickness

w = layer permeability

N = half the pole distance
b = distance head — layer
B

o = induction in the pole gap measured in voltsecond per square
metre

By = p, VIN, where V is the magnetic potential of the head.
po = 471077 in the MKSA system.

—

1

/7

e
section
A-8

Fig. 1. Kernel to a recording head used in the Besk. The airgaps are exaggerated.
Measurements in millimetres.

Reprinted with permission from Trans. Roy. Inst. Technol. Stockholm, no. 86, 1954.



SHL

e

Fig. 2. The recording head in the neigbourhood of the airgaps.

The expressions in the three cases for the magnetic flux B (z, y) =
(B, B,) at y = b (inside the layer) are:

. B 1 B N +z N —2x
. = — B arctg " -+ arctg "
1 ¥+ (N + 2P
B, = —— Bylog —; 5
2n ¥+ (N —2x)
tx  tN
) B 2 u a % My
S ¢ usinh?¢ -+ cosht¢
) o tx | tN
B 20 at e My
v oox 70 t psinht 4+ cosht

0

Asymptotic expansions (see appendix 1 for definition) for the B-
fields are:

2Nb 2 b N?
By= By |1—— 62— —5] +...

7 x? a?
2N u b? N?
By:BO—nx 1—;; 2,u2—1—3b2 + ...

@

4 u dt tx tN td td
3. B, = — B, e cos e sin - b sinh? -+« cosh- .

0

o Fdt tw N 1 1
v= Po t'KSlnbsm b [ sin b+cos b

0

d

, d
K = (u + l)sinht(l —]—*g) + (« — 1) sinh t(l ——z) -+

d d\
+ s (w4 1) cosh t{1 —I—'})’ — (it — 1) cosh t{1 _Z}

Asymptotic expansions are:

The expressions in the three cases are derived by assuming linear
magnetic potential along y = 0. Thus

v=—V x<<—N
v= V- z/N —N<zx<N
v=-+V x> N

This linear potential between the corners is the result of investigations
made for the cases u = 1 and u = oo treated with conformal mapping.

The results may have their greatest interest when estimating the
effect on the field due to the drum eccentricity, layer thickness,
airgap, layer permeability and so on. In the manufacturing of
drums this may be of interest in order to keep mechanical tolerances
below certain values.

3. Idealization of the problem

The first approximation is to regard the drum surface as a plane.
The variation of the distance b (fig. 2) due to the curved surface
is about 10 9, for the interval 0 <<z << 10 N. The quotient b/N is
usually between 0,5 and 2. The drum diameter is 120 millimetres
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and the gap is about 0,02 millimetres. The length of the head is
about 100 times the gap width, so we assume that the head has
infinite length.

The width of the head is also about 100 times the gap width and
this shows that it is satisfactory to treat the two-dimensional problem
only. An investigation shows that the field along a generatrice is
very flat under the head.

The permeability of the head is about 1000 for the frequencies
encounted, and this means that the lines of force leave the head
nearly perpendicularly. The magnetic potential of the head is there-
fore assumed constant, and is + V on the right half and — V7 on
the left half of the head.

In order to investigate how the pole length (0,3 mm in fig. 1)
influences the field in the layer, the angle « is introduced. If & = 0
this length is zero, and if « = 90° the length is infinite. This has
already been studied by BoorH 1952 and is included here only because
we study the potential between the corners of the head.

4. The boundary value problem

The problem is to find the magnetic potential v (z, ) in the region
y >0, — oo <& <o (fig. 2) when the potential along y = 0 is
prescribed. The magnetizing vector is then

H= —grad v (x,y) (1)
The potential satisfies the equation:

0 o v o ov

— =0 2

6xﬂ®x+6y’uby (2)

If u, the permeability of the layer, is a constant, we get Laplace’s
equation: o2 a2 .
Av=20 4 = T 54 (3)

Usually equation (2) is a non-linear equation. The boundary condi-
tions along y = b and y = b 4 d read:

0w Qv
= (4)
oY QY

0 vy A

-t 5
Ty T oy (5)

where

v; = the potential above the layer (y = b — 0)

v, = the potential in the layer (y =b -+ 0)
v; = the potential in the layer (y =c¢—0)
v, = the potential below the layer (y = ¢ + 0)

u = the permeability of the layer
The non-stationary one-dimensional field can be computed from
the equation (u is a constant):

*H dH
S T MM (6)

o = conductivity of the layer

Equation (6) is a parabolic equation, while equations (2) and (3)
are elliptic equations. In the special cases = 1 and y = o equa-
tion (3) is solved by means of conformal mapping. The general case
is solved by means of Fourier transforms. The non-stationary case is
solved by means of Laplace transforms.

5. The special cases p =1 and p = w

The four most interesting cases are treated by conformal mapping
(WEBER 1950). We use the notations

Hy=VIN
H =7T/b
1. Ho=00,a = 90°,

Because of the symmetry it is sufficient to consider the part
ABCDEF in fig. 3.

The Schwarz-Christoffels integral gives the following expressions
for the mapping function:
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Fig. 3. The case u = oo, x = 90°.

- . 2N N 2b
2= _“/:w:z* arctg ~b—tghp —[—wn;p

v
w = log (1 — 1)

T

H=H, +jH,=jH tghp

The parameter p is defined by

a N?tgh? p
b= b - N2 tghtp

The field along BC has been computed for /N = 0,5, 1 and 2

and is plotted in fig. 4.
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Fig. 4. The magnetic field on the surface of the layer. u = 0o, & = 90°.

(10)

1w =00, = 0°

h

The mapping function is:

- 2b a
2= —— (——tghp—{—p)

'z 1—a

w = —7log(1 — tgh? p)
. sinh 2 p
H=jH, 1+ a
cosh 2 p + 1 —a
Here,
t =a-tgh?p

The parameter @ is to be solved from a transcendental equation.

The following values are obtained:

b/N a

0,5 0,62056
1 0,34511
2 0,12821

The field along BC is shown in fig. 6.
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Fig. 5. The case y = oc, = 0°.
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Fig. 6. The magnetic field when u = 00, o = 0°.

3. u=1x=090°
The mapping function is:

2N

4

2z = (coth p — p)

2V
w=—"— log (sinh p)

H= —Hytghyp
t = coth? p

(15)

(16)

(17)
(18)

The mapping function has been used in order to calculate the
potential between the two corners in fig. 7. To compute the field
for different /N as in the cases above is a tremendous task. It is
much easier to compute the field due to linear potential between
the corners and then compute the difference field due to the diffe-
rence between the linear potential and the actual potential between

the corners.
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Fig. 7. The case p =1, o = 90°.
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Fig. 8. The case u =1, a = 0°.

4. =1 «=0°

The field can be explicitely expressed in z:

(19)

The variation of the potential between the corners of the head
is computed for the four cases and is plotted in fig. 9. The linear
potential is also drawn, and the question is whether this linear
potential can be a good approximation for computation of the field.

We have for the linear potential

v=—V r<<—N

v="V- x/N —N<az< N

v=17V x> N

<lg

s Lu=oo bys/

Gunf &=0°

] Linear potential \5 el &r90°

04

g2

o

0 0z 04 0s ge / Yy

Fig. 9. The potential between corners for different cases.

(20)
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The potential implies that we get a discontinuity in H, instead of
a singularly at the point (0, N). H, has still a singularity at that
point. In practice we have no singularities because the corners are
rounded off. The influence of rounded corners has been studied by
CockrOFT 1928.

The potential v (x, ) due to a known potential [ (z) along the line
y = 0 can be computed from:

1 . Tty ) dt
_ =7 , D)
v (.’L’, Z/) 2 b s1n b ;[o f (t) h s (t . x) 7 y ("1)
cos b — cos b
If b is infinite we use the formula:
Y dt .

Evaluating the integral (21) for the function defined by equation
(20) we get the field for u = oo.

7 (x+ N)
2b
7w (x — N)

cosh T‘

cosh

H,(x,b) =H log

* a

The field for different b/N is shown in fig. 10. If we use equation
(22) we get the field for x = 1, and this is shown in fig. 11. The
field is always computed from equation (1).

The field is given by the eqs.
1 N+« N —z
H, (x,y) = — Hoj_‘[' arctg T -+ arctg T (24)

v+ O + o
log

Hy(x7y):H0¢_)n yz—i-(N—x)Z

Y,
7 b,:05
ce 7
3 2
04
gz
o T T
0 05 7 /5 2 Xy

Fig. 10. The magnetic field when p = oo and linear potential between corners.

In the last three eqgs. we have the field given explicity as simple func-
tions of x and y, and it is very easy to compute an actual field. The
approximation is found to be satisfactory for y-values greater than
0,5+ N. An estimation of the error involved can be done by using
the integrals (21) or (22), where the function f is taken to be the
difference between the linear potential and the actual potential
between the corners. Another method is to solve Laplace’s difference
equation instead of the differential equation (KarrLqvisT 1952) and
as this is often favourable for numerical computation, it has been
used here.
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Fig. 11. The magnetic field when g = 1 and linear potential between corners.
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6. The general case with finite u but infinite layer
thickness

In the last section it was shown that the linear potential is a
good approximation to the special cases x =1 and u = oo, when
y > 0,5 N. Since the magnetic field is a continuous function of u
we obtain a good approximation also when u is finite.

The equations of the general case are solved in appendix 2. In
this section we consider the case when the layer thickness is infinite,
which gives easier analytic expressions than having finite thickness.
The equations for the field components along the layer surface y = b
are according to appendix 2:

te  tN

2 cos ——sin ——

2 u dt 5 T
% a t wsinht -+ cosht

0

x— N

2 u " — 1\ x4+ N
=B i) 2 ( T 1) (ng En 1) e zaﬂT))
0

o tx  tN
® sin —— sin ——

B B 2 u dt b b
L t w sinh ¢ -+ cosh ¢

0

“ v (o —1\" (N )220+ 1)
=5 7w+ 1) 24 (}fﬂ) log (N —ap + b2 (2n + 1)
0

By = u,H,

(27)

The field B,, is measured inside the layer.

Figs. 12 and 13 show the fields for different & and b/N.

The asymptotic expansions can be used to compute the tails of the
fields and this gives information of the interaction of the pulses on
the drum. The total field is

|B| = JB: + B}

and are the dotted lines in fig. 10, where the fields for the case u = 1
are plotted.

(28)
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Fig. 12. The magnetic field in the layer for various u and b = N.

The asymptotic expansions are according to appendix 2:

2N b u? b? N?
By=—By 1= — (62— —5)+...| (9

2N [y Y
-.’L‘g < us — — s b2 e e (30)

T
At the point x = 0 the infinite sum in equation (26) can be put in
closed form, namely:

B,, = B,

2N
A arcosh u

B,, (0,b) = — By————
22 (0,5) b VA

which shows that the B-field along the line @ = 0 (y >b) appro-
aches infinity in the same way as log u. This means that the field
approaches infinity very slowly with an increase in u.
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Fig. 13. The magnetic field in the layer for various g and b/N = 0,5 and 2.
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7. Finite p and layer thickness

In the general case the field are given by:

4 u d dt te  tN [ td htd a1
B,, = — B0~ﬂ* LK cos - sin == sinh " + 1 cos b (31)
0

D0

4 u at  tx  tN 'htd ht—g .
BQZ,:B,)?—I— ¢ Sinoysin o | esinh - + cosh - (32)

where B,, and B,, are the fields at y = b + 0, that is, the field
inside the layer. At the other side of the layer y = b +d — 0 we
have :

oK

4 12 dt te  tN 23

B, = — BO*;* L g €08 T sin (33)
0

40 (At tw AN "

B;, = B, | T sy siny (34)

0

The function K is defined by:

d d
K = (u+ l)sinht(l + —b—) + (v — l)sinht(l — —b—) -+

d d
+ w (1 + 1) cosh ¢ (1 + ?) — gt (u — 1) cosh t <1 — bﬁ)

The corresponding asymptotic expansions are:

2bN u a5
Bzx:_Bo s ( )
2 N
B,, = B, e (36)
QbN(/L—F?)
B3x = - BO J'sz + (37)

1o
-B2x /s,
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-Bsx/3,
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Fig. 14. The magnetic field for u = 2 and d = b.

=By —— —... (38)

The next term in the asymptotic expansions is found in appendix 2.
In fig. 14 are plotted the fields when b/N =1 and d/N = 1, u = 2.

The deviation from the case when p = 1 is not very large. If the
field is to be computed for many values of b/N it is convenient to
write the factor

te  tN
cos 5 sin b
in the form
1 [ (N+a=x)t (N —a)t
5 |sin ———b**-— -+ sin — b

At a large distance from the origin the field is determined by B,,
eq. (36). This formula shows that the field is independent of 1 and
depends of /N only. The same conclusion applies to B;, and thus
to the whole layer.

The linear case where u is a constant can be used as a first approxi-
mation to the nonlinear case. The hysteresis loop for the material
is shown in fig. 15 and if we use the initial magnetizing curve, we
find that the p-values vary from 1,1 at the origin to 2 at x = 4 N.
The induction B, was then 2500 gauss. The material is thus satur-
ated for x = + 4 N.
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Fig. 15. The hysteresis loop for the layer material.

8. Pole and layer inductance

The magnetic flux is divided into two parts: the first part con-
taining the flux going through the layer and the second part going
through the pole gap (0,3 mm in fig. 1). The corresponding induc-
tances are called L, and L,.

By integrating round the head we readily found:

I n? A g uy
"L+ 2N
where

A = the area of the pole = 0,45 mm? for the head of fig. 1.
n = number of turns

I, = the mean circumference round the head

u;, = the permeability of the head.

The inductance L, can be computed from eq. (24) if u is small.
Numerical computations shows that the contribution to this induc-
tance due to the layer is very small and can normally be neglected.

We have

n2 alN po 1y, b2\ N2 4 (N + b)?
L=——"2""—In |14+ )~ 7 e
al,+2aN y, N2|) N2+ (d + b)
a = the width of the head (1,5 mm in fig. 1)
Actual values gives the result
L, =3mH
Ll — 0,3 mH

This shows that we could save power if we keep the pole induc-
tance low. The total inductance was 4,2 mH, that also includes the
inductances from the sides of the head.

In order to verify the result we measured the small contribution
to the inductance L; when layer is present and not present. The
voltage from the head was put in a bridge that was balanced when
layer was not present. The unbalance when layer was present was
found by THEVENIN’s theorem to correspond to an inductance change
of 0,04 mH. The computed value according to the formulas for the
field was 0,036 mH. The quotient /N was 1. Measurements was
also made for greater values of this quotient and the result was fairly
satisfactory.

9. The transient field

In this section we solve equation (6) for infinite layer and for finite
layer. The z-coordinate in (6) is to be replaced by .

We assume that a polarized electro-magnetic wave with the
components H, and E, comes perpendicular to the layer. The wave
is applied suddenly at ¢ = 0 and the airgap b is assumed to be zero.
The initial value problem is for infinite layer:

H(0,t) = H,;, H(oo,t)=0; H(y,0)=0;

Then the Laplace transform of the equation (6) can be written:
h— R “H, o kUl
s

= o uu,

The corresponding time function is

o 1ty
H(y,t) = Hyerfcy || ———
41
erfc is defined in appendix 1.
Considering the finite layer, we must add the condition that E,

is continuous at the point y = d (= other side of the layer).

. o H ) dH
lim 6y--— = lim o
y>d—o 0¥  ysato U
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Fig. 16. The magnetic field in the transient case.

where o, and o, represent the conductivity on each side of the
boundary. If the conductivity o, of the layer is zero (spinel material)
compared with the drum material (usually brass) we have the Laplace
transform

o~ W=Dk Vs

h=H,—————
® cosh kd]/s

and the time function

Hd,t)=2H, f‘ (— 1)" erfe [(2 n+ 1)d 1/ ﬂ’u"_]
n=0 4t

Fig. 16 shows the two cases, infinite layer and finite layer, from which
one can compute the transient time for a given material.

10. Summary

The magnetic field in the ferromagnetic layer on a magnetic drum
is calculated having finite airgaps and finite permeability in the
layer. The layer is assumed to be a spinel material for which the
permeability is low. The special cases when the permeability is one
and infinite is treated by conformal mapping. The results from this
investigation suggest a linear potential distribution between the
corners of the recording head. This approximation gives explicit
expressions for the field, and the method is generalized to finite
permeability. Expressions are given for the field on each side of the

layer, and asymptotic expressions are given for the field at a large
distance from the pole gap of the recording head. The inductance
of the head is calculated, and measurements of the inductance change
have been made when the permeability is increased from 1 to u.
The transient field is computed for the one-dimensional case,
assuming the resistivity of the layer to be very large. The results
can be used to analyze the influence on the field from permeability
and geometric shape of the head.
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12. Appendix 1

The sine-transform ¢ (z) of the function ¢ (¢) is defined by
= fsinxtG(t)dt
0

Its inverse is

2 o
= t
- 6[ sin tx g (x) do

The Laplace-transform f (s) of the function F (¢) is defined by

fls) = [e "t F (1) dt
0
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The error integral is defined by

2 z
erff v =1—erfca=—=[e¢ “dif
/JT 0

An asymptotic series diverges for all z, but can be used in numerical
computation if a finite number of termes is included. Cf. WHITTAKER
and Warsox 1927.

13. Appendix 2. Derivation of the field formulas in
the general case

The boundary value problem defined by the equations (3), (4) and
(5) is solved in the following way?).

Let g (x) be the linear potential (20). Along the lines ¥ = b and
y = ¢ (each side of the layer) the I, field makes a jump according

to equations (4) and (5).

Put
g (z) = fosinxt -G (1) di
0
where
2Vsin Nt
G () = 7 N2

We want to determine three layers each with boundary value
potentials f; (x), f, (x) and f; (x) at the lines y = 0, ¥y = b and y = c.
Their potentials should be equal to the function v (z, ). Set

f1’(90) = fmFI (¢) sin x ¢dt

0

fo () = j?on (¢) sin z t dt

0

fy () = [ Fy (t) sin atdt

0

v (x,y) = fV (t,y) sinx tdt

0

1) The original proof assumed Cesaro summability of the sine transform of g (x).
This derivation due to Mr G. DavHLQUIST, avoids this difficulty.

Now we consider the function u (z, y), defined by
u(x,y) = jqoe_ Pl singt F, (1) dt
0

This function satisfies Laplace’s equation
Au=20

This shows that a layer with the boundary potential j, (x) at the
line ¥y = 0 gives a potential that is the sine transform of

et F, ()

and similar for #, and F,

Then we have
Vi) = Fr() e M Fy () e PN By et

Now we express the boundary gonditions for the transforms, which
gives a linear system with three eqs. Solving this system we get

G
e—2t(c—b)) —

Fy () = (0 —
G
Fy(t)= (170 —ret?)
F,(t) =e ' (r—1) ¢
3 D
where

u—1

"Tat

D = 2 _,',,(e—ztb __6—2tc) _e—zt(c—b)

We can now form the various derivatives of v (z, y) and easily compute
the field components given by the egs. (26), (27) (c infinite), (31),
(32), (33) and (34) (c finite).
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To prove the asymptotic formulas, we observe that the integral
@)= [F (@)sinxtde
0

can be expanded by repeated partial integration in a series of 1/x:

F (0 F" (0
o TO O

x a3

In the same manner we expand the integral
g (x) = fG’ () cos xt dt
0

G (0) 4" (0)

g(x): xz + x4 T e e e

In our case the series are divergent for all « but are still useful for
large = (cf. appendix 1).

The derivatives are computed recurrently. For example, the integrand
of the formula (26) is S/7, where

G LN
=tSIIlb

T =usinht4 cosht

Writing
GT =8
we have
GT + GT" =8
and so on.

Proceeding in this way, we get the asymptotic expansions (29), (30)
(c infinite) and (35), (36), (37) and (38) (¢ finite).

The two first terms in the last four expansions are:
20bNu 203Ny

7 x* 7 xt
6q2u+r)
7— + ...,

B2x=_Bo[ (12M+p2—1+6q2—

p=NJb
qg=d/b
GIII (0):_1)_

2 ut

2N 20N

ax  wadu?

(2 +4qu—2¢* 12— p* 33 —

—4q,u3+2q2)+...]

26N (w+q)  4btu
0[ B el (0)+...]

2N 262N

. —m(3p2—p2,u2—|— 12qu + 6¢ —

—qu/tz——Gq‘u‘*)—l—...]

[12 q e+ 15 g2+ (p* — 1) 1 + pP*q 12 —

— 5@ — 15q 1% — 18q,u—6q3:|
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ON RECORDING HEAD FIELD THEOQRY

J. C. Mallinson

ABSTRACT

Several well-known theoretical treatments of the
properties of the fringing field from a magnetic record-
ing head are shown to yield a non-zero dc flux res-
ponse, which is physically impossikle. This deficien-
cy is due to the approximations in the models rather
than mathematical error. Plausible long wavelenath
spectra may be derived from hetter models , but they
are usually of great mathematical or computational
difficulty. 1In this paper, a simple approximation is
suggested which yields correctly the qualitative fea-
tures of the whole spectrum. In conclusion, the topical
case of narrow pole-tip-length heads is discussed.

INTRODUCTION

A full understanding of the properties of the fring-
ing field from a recording head is a central problem in
the theory of magnetic recording. Several studies have
been made and different approaches to the calculation
of these properties have been published. 1In this paper
we distinguish between local models, yielding correctly
the field adjacent to the gap, and total models which
give the field everywhere along the tape path. Similari-
ties and differences between several well-known local
models are discussed, When the Fourier transform of
the fringing field is considered, several mathematical
simplifications occur which illuminate some of its
general, and frequently overlooked, properties. It will
be shown that the local models violate physical
reality and, incorrectly, yvield a non-zero dc flux res-
ponse. The total models avoid this difficulty in prin-
ciple but are of such mathematical or computational
difficulty as to be almost heyond practical utility. The
simple formulation suggested in this paper, although not
of great accuracy, shows properly the long wavelength
behavior of the flux response. The topical case of
narrow pole-tip-length heads is discussed as an illus-
tration of the utility of this simple approach. All
discussion is limited to the usual case of two dimen-
sional heads and tapes of unit permeability.

LOCAL MODELS

In well-known studies, both Boothl and Westmijze2

used the Schwarz-Christoffel method of conformal
transformation to deduce exactly the fringing field
adjacent to the gap of an infinitely permeable head of
semi-infinite dimensions. Unfortunately, this tech-
nigue does not lead to readily comprehensible formulae
and some type of graphical representation of the results
is, therefore, mandatory. Later, Fan3d solved the iden-
tical problem by harmonic analysis of Laplace's equa-
tions in the regions above and in the gap. His results,
which are completely equivalent to those of Booth and
Westmijze, are cast in the form of an infinite series of
integrals. The first integral in the series for the longi-
tudinal field component above the gap is,

Manuscript received April 6, 1974; Mr. Mallinson is
affiliated with Ampex Corporation, 401 Broadway, Red-
wood City, California 94063,
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TAN ( 5 5 7)
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and it dominates at all points except close to the gap
edges. Here h, is the deep-gap field, 2Zg is the gap
lenath, x and v are the longitudinal and perpendicular
coordinates.

The arctangent term is identical to that given hy
Karlqvist4 who solved the same problem with one added
simplification. He assumed that the magnetic scalar
potential, ¥, had a constant gradient, d¥/dx, across
the top of the gap; in reality, of course, the constant
gradient only occurs deep in the gap., It has been
shown® that an arctangent expression may be derived also
from uniform magnetic pole sheets on the gap faces
which would occur it the magnetization within the head
were longitudinal and uniform, Although true, this
observation has caused a great deal of confusion which
may hest be resolved by the series of statements helow;
a) The Booth, Westmijze and Fan results are all correct

and yield the arctangent form as an approximation
in the region above the gap,

b) In a real head, the arctangent form does not hold,
even approximately, in the gap,

¢) In a real head, the pole density on the gap faces is
only uniform at points deep in the gap; a consider-
able increase in pole density occurs at the top of
the gap and there are also poles on the tep surfaces
adjacent to the gap,

d) If the pole density were uniform, the arctangent
form would hold exactly both above and in the gap,

e) In order to make the uniform pole model match Eq. 1
above the gap, a pole density just twice that occur-
ring deep in the gap of a real head must be assumed,
This is because, for a given deep gap field, the
uniform pole model yields both surface fields and mag-
netic potentials which are half in magnitude and of the
same {orm as in the Karlgvist simplification,

FREQUENCY DOMAIN REPRESENTATION

The reciprocity expression3 for the flux 4>(x' ,Y) in
a head with fringing field vector h (x,y) due to a thin
lamina of tape magnetized according to the vector
m (%,y), is a convolution integral,
fee}
$(x',y) =J ™(x,y) h(x'~x,y) dx (2)

-

and its Fourier transform (vpper case symbols), is a
sum of products,

Gty =H (e, M, (,y) + H (k,y) M_(Kk,v), (3)

where k is the wavenumber (2« times the reciprocal
wavelength). It is clear, since the transform of a
pure sinusoid consists of Dirac delta functions only,
that the transform, Hy(k,y), of longitudinal fringing

Reprinted from /EEE Trans. Magn., vol. MAG-10, pp. 773-775, Sept. 1974.
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field, hx(x,y), is simply the reproduce head flux spec-
trum for longitudinal magnetization in the lamina and,
analogously, Hy(k,y) is the spectrum for perpendicular
tape magnetization. We note that, since spatial differ-
entiation is equivalent to multiplication by jk in the
frequency domain, the corresponding voltage spectra
are jk Hx(k,y) and jk Hy(k,y) respectively.

Now regardless of the head geometry or the mag-
netization patterns in the head, all physically realiz-
able fringing fields m&st obey Laplace's equation in
the region above the gap, and, therefore,

2 2 2
V h=v'h =¥ hy =

0. (4)

It is possible to prove then that

- -l x|y
H (k.y) = H_(k,0) e ' (5)
where Hy(k,0) is Hy(k,y) evaluated on the top surface
of the head where y=o0, and that

Hy(k,Y) = JH_(k,y) . (6)
This pair of equations, which are of the utmost gener-
ality, lead to several interesting observations;

a) By considering frequency domain representations, a
partial separation of the variables, k and y,is always
possible, K

b) All heads must display the same e_' |y
(-55y/\ dB) of spacing loss behavior,

c) The spectrum of a head is determined completely
by the fringing field spectrum on the top surface of
the head, and

d) The spectrum for perpendicular tape magnetization
is, apart from the j factor (W/2 change in phase
angle), always identical to that for longitudinal
maghnetization,

type

Further insight may be gained upon considering the
spectrum of the Karlgvist form (Eq. 1) which is '
- sinkg -lk|y
Hx(k,y) 29 ho kg e . (7)
At short wavelengths , A =2g, the spectrum vanishes
giving the "first gap" null. At long wavelengths, A=,

the spectrum is equal to 2g Hgy which clearly violates
physical reality. The dc value of the spectrum is

[e] QO
H,(0,y)= ghx(x,wé”‘xdx =jhx(x,y)dx ®

- -
=0

and the value of this line integral obviously must be
zero for any path above a real head since no current
loop is threaded. The failing is not due to the
Karlgvist approximation; all of the local models dis-
cussed above incorrectly yield a non-zero dc response
equal to the potential drop across the gap. The deficien-
cy is due entirely to the unreality of the models and
does not result from mathematical error.

It may be shown that any model which has either
pole-pieces of infinite dimensions or an incomplete
electrical coil will yield implausible long \ spectra.

In all the cases discussed above, the pole-pieces ex-
tended infinitely in both +x and -y directions and the
erroneous dc spectrum equals the potential drop. For
pole-pieces which extend to infinity only in the -y
direction the dc spectrum turns out to be just one half
the potential drop. When the return conductors in a

head coil are not specified or included in the model,
the spurious result is again just one half the potential
drop.

TOTAL MODELS

In order to obtain physically reasonable spectra
the computation must include characteristics of the
entire head; this must include the whole of the pole-
pieces and/or the complete electrical coil. When the
pole-pieces are large compared with the coil dimensions
it is permissible to suppose that the coil is of negligible
size. On the other hand when the pole-pieces are small
the real coil dimensions must be used.

Total model calculations have been done by
Westmijzez, Elabd’, Potter et a18, and Mallinson and
Steeled in numerical studies of great complexity. An
appreciation for the difficulty of these calculations may
be inferred from Stavn'sl0 recent paper on narrow pole-
tip length heads. Here, despite extensive computations,
the results appear flawed in at least two respects; the
published spectra show dc response and differences
between [Hx(k)l and Hy(k)l .

The fringing field found in properly performed total
model analyses has negative lobes adjacent to the out-
er edges of the pole tip as well as the usual form adja~
cent to the gap. (see Fig. 1)

h, (x)

2q

b 24 1'
Fig. 1 Longitudinal component of the fringing field
showing the mandatory negative lobes.
(schematic only)

The algebraic sum of the areas underneath the hy ver-
sus X plot is zero; this forces the dc value of the
spectrum to be zero. It is important to realize that
these lobes are not mere theoretical curiosities; they
determine the long wavelength limit in all recording
systems. Just as the shortest \ usable is approxi-
mately equal to the gap length, 2g, so the longest

\ usable is given, within a factor of two , by the pole-
tip-length 24. Bandwidths of 1000:1 or 10 octaves
are typical of current head designs.

In the frequency domain the negative field lobes
usually give rise to an oscillatory behavior at long
wavelengths; these oscillations are the so-called "head
bumps*" which plague the system designer.

Simple expressions for the long wavelength spectra
are rare, For infinitely permeable heads Westmijze
suggests

ké
H 00 = j 7@ du ©)

o

a tabulated function which is qualitatively similar (see
Fig. 2) to
sinké

Hx(k) =1- ke

(10)

128



REPRODUCED
FLUX, ¢ (K)
10 R D e T
/
/
/
/o
0 | 2 3 a ke

Fig. 2 Reproduce flux at long wavelengths showing

194
a) J-
(o]

Jo (W) du  (solid) and
by  1- Sl; ké (dotted) .

This similarity suggests that a reasonable and simple
approximation for the flux spectrum of a real head is

Hx(k,y) - [s}i(r;kg _ sl'intké} e-lkly ) (11)

This spectrum is clearly an extension of Karlgvist's
approximation of constant potential gradients. The mag~
netic scalar potentials on the top surface of the head
which are consistent with the extended Karlgvist form
and with the assumption of infinite permeability are
shown in Fig. 3. The differences shown there corres-
pond, of course, with the spectral variations occurring

v(x)

y 7 7 /2
7

Fig. 3 Magnetic potential on top surface of head for
infinite permeability case (solid) and constant
gradient approximation (dotted).

in Fig. 2. It seems likely that, in real heads of finite
permeability, the actual potential may be closer to the
constant gradient case than it appears from Fig. 3.

We note that this spectrum (Eq. 11) always has a dc
response of zero and that when £>> g (wide pole-tip-
length) the first gap-null falls at x=2g. When the pole~
tip~length, 24, is comparable to the gap-length, 2q,
however, the long and short wavelength spectral oscil-

FIRST GAP NULL
WAVELENGTH

29

2 3 4 5
POLE TIP LENGTH
oap LeneTr RATOY9)

Fig. 4 Wavelength of first gap-null versus pole-tip-
length to gap-length ratio (schematic only).

lations interfere and the first gap-null need no longer
occur at A=2g. Dependent upon the value of the pole-
tip-length, it may be shown that the first gap-null falls
in the range 1.38g to 2.35g (see Fig. 4).

These observations are of special relevance in the
field of digital recording where there is currently great
interest in narrow pole-tip-length heads. In digital
recording, the improved short wavelength response
attainable with narrow pole-tip-length heads narrows
the isolated output voltage pulse., From Fig. 4 we see
that the occurrence of pulse narrowing may depend
critically upon the value of pole-tip-length to gap~
length ratio. Since this pulse narrowing always occurs
at the expense of the long wavelength response of the
head, it is by no means obvious that the effect is in
fact advantageous. From the standpoint of communica-
tions theory, the poor long wavelength response is one
of the most serious limitations in magnetic recording
and this deficiency can be only aggravated by the use
of narrow pole-tip-length heads.
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Analytic Expression for the Fringe Field of
Finite Pole-Tip Length Recording Heads

ROBERT I. POTTER

Abstract—Previous computations based on a conformal transforma-
tion are used as a guide in selecting a plausible magnetic scalar potential
at the surface of the head. An analytic expression for the horizontal
component of the field is obtained from this potential. Certain
characteristics of the potential and field are discussed.

INTRODUCTION

In a recent paper on the theory of magnetic recording heads,
Mallinson [1] considers the horizontal field component Hy(x,y) for
the finite pole-tip length head. He argues that

J- Hy(x,y)dx=0 (1)

oo

for all real heads, which is true. He also gives an approximate ex-
pression for the Fourier transform of H,.(x,y) based on a saw-tooth-like
magnetic scalar potential at y =0 that may be characteristic of
ferrite heads.

The purpose of this letter is to suggest an analytic approximation
to the exact two-dimensional field component H,(x,y) for the finite
pole-tip length head. This expression is derived from a scalar potential
that is different from Mallinson’s, and is applicable to heads with
finite-permeability single-film permalloy pole-pieces. The pole-tip
geometry, notation, and coordinate system shown in Fig. 1(a) are
identical to those of Potter, Schmulian, and Hartman [2] (PSH).

DISCUSSION OF EQUATION (1)

Equation (1) is not a consequence of the lack of currents in the
upper half plane, because in two dimensions the contribution from
the usual semicircular contour at infinity does not vanish. The integral
in (1) vanishes in two dimensions only if the total current is zero;
that is, only if the return current outside the yoke is included in the
problem. Even though the return current path for a single-turn film
head could be located at x = 0, y = - with [ essentially infinite com-
pared to the x and y dimensions of the yoke, its influence on
H,(x,y) must be included when the integral in (1) is evaluated. This
can be done in an approximate way, for large | and finite p, by adding

-1
H;T) (x)y)=_ 4

Ty T2 (2)

to Hy(x,y) as computed with the return current neglected. If this
current is neglected, then

o0 I, for infinite p.
J- Hylx,y) = (&)
—o0 1/2,  for finite p.

The return current is neglected in the following.

ANALYTIC EXPRESSION FOR H,(x,y)

Fig. 3 of PSH, schematically reproduced here as Fig. 1(a), provides
guidance in choosing the approximate antisymmetric scalar potential
#(x,0) shown in Fig. 1(b) for x 20 only. The choice ¢(x,0)=
Co+Cypx™® with =1 for x 2p+g/2 is one of several possible
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The author is with the IBM Thomas J. Watson Research Center,
Yorktown Heights, N.Y. 10598, on leave from IBM Research, San Jose,
Calif. 95193.

¢(x,0)
i
g 9
z ztp
O T T x
, LINEAR
b
-5k i gt2p
2 ] -z (1+
CONSTANT 7 (1+27)

(b)

Fig. 1. (a) Cross section of finite pole-tip length head with several
equipotential lines schematically shown. Refer to [2, Fig. 3] for
an accurate drawing. (b) Assumed magnetic scalar potential at
y =0 is shown.
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Fig. 2. Horizontal field component according to (7).

choices, although Fig. 3 of PSH suggests a should be somewhat greater
than unity. Having chosen this inverse x dependence, the constants
Co and C; are completely determined by the continuity of ¢ and the
condition ¢ > ~I/4 as x > . The choice ¢(x,0) = -I/2 for g/[2 <x <p+
g/2 is an excellent approximation for finite-permeability film heads
with p/g >~ 1, since for any reasonable permeability the potential drop
across the pole-tip is only a few percent of that across the gap. The
choice ¢(x, 0) = —Ix/g for 0 <x < g/2 is standard. This potential must
be scaled by the head efficiency factor in the usual way.

Having chosen ¢(x,0) to approximate the conformal mapping
result, standard theory [3] gives in CGS units

Hyl,y) = o2 @
where
I 3G(x,y,x,y")
oly) g | o) ym0 % (5)
and where

(x-x")2+(y-y)?
(x-x)2+(y+y)%"

G(x,y,x',y')=In (6

Reprinted from IEEE Trans. Magn., vol. MAG-11, pp. 80-81, Jan. 1975.
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The result is

I x +g/2 x-g/2 1 y
= = -1 - -1 [
Hy(x,y) - <tan p tan 5 Al 4yl
+g/2 | x2 - y2 +p+g/2
+ I rpre [——x Y (tan'l x*ptel2

4m X2 492 |x2+y2 y

— tan

ax-p-gl2 R W7
y x2 +y?

(x +p +g/2)? +y2]
PTG Ll A AN B

(x-p-gl2)?+y?

This function is plotted in Fig. 2 such that it is directly comparable with
certain curves in Figs. 4 and 6 of PSH.
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Analytic Expressions for Field Components of
Nonsymmetrical Finite Pole Tip Length
Magnetic Head Based on Measurements
on Large-Scale Model

THEODORE J. SZCZECH

Abstract—An analytic expression for the x component of the field of a
finite pole tip length magnetic head (thin film type) has been given by Pot-
ter [1]. Potter described the boundary potential extending beyond the
pole tip edge with the expression V(x, 0) = Vo(Co + Cy/x), where Vy is
the pole tip potential. Computations based on conformal transforma-
tions of pole tips of semi-infinite height were the basis for Potter’s
selection of boundary potential. The slightly modified expression
V(x,0)=Vy[Co +Cy/(x +C;)], as an approximation for the bound-
ary potential beyond the tip edge, leads to expressions for the field
components which agree well with those measured on a large scale
model. Cgy, C;, and C, were determined from a consideration of ex-
perimental field components for various experimental conditions and
found to be a function of head geometry. The boundary potential
used in these calculations has a slight discontinuity. This results from
approximating the actual potential by a 1/x function to simplify the
problem. However, the purpose is to give analytical expressions for
the field components agreeing with experimental measurements rather
than to restrict the boundary potential to meet certain conditions as
done by Potter.

I. INTRODUCTION

NALYTIC EXPRESSIONS for the field components of a

magnetic head are extremely useful as shown by the
wide-spread use of Karlgvist’s equations [2]. The main reason
for the popularity of Karlqgvist’s equations is their simplicity.
Unfortunately, the expressions given in this paper are some-
what more complicated than those given by Karlqgvist. Yet,
the expressions are simple enough for calculation with a pocket
calculator. The calculations for this paper were done with a
TI 59 programmable calculator. The calculator programs are
available to anyone interested and should be easily adaptable
to any comparable calculator. Since current theories of digital
recording (see [3]-[5] as examples) rely upon use of a digital
computer, the application of the expressions given in this
paper for extending those theories to thin film heads is rela-
tively straightforward.

To obtain the boundary potential experimentally, the x com-
ponent of field was measured on the large scale model (Fig. 1)
at ¥ =0.26 cm, plotted, and graphically integrated. From
this procedure, it was determined that V(x,0)= V,|[C, +
C,/(x +C,)] is a good approximation to the boundary poten-
tial beyond the pole tip edge. The boundary value problem
was solved for H, and the C were determined by matching

Manuscript received March 2, 1979; revised May 25, 1979.
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Fig. 1. Large scale model of thin film head.

calculated and experimental plots of H, versus x for various
experimental conditions. The resulting boundary potential
differs from Potter’s as shown in Fig. 2 for the example,
q=g=p=1. Neither of the potentials in Fig. 2 is strictly
correct as x approaches infinity since they are two-dimensional
approximations and would have to be modified at distances
large compared to head height or width.

II. THEORY

The problem was solved for pole pieces of unequal length.
The solution to the two-dimensional problem in the region
—eo x <oo, y >0 is well known [1], [2] and given below
as (6). The boundary potential for the problem is described
by the following identities:

V(t,0)=Vo<tf3C4'Cs); -o<t<-(qgtg/2) (1)
V(t,0)=-Vo; -(gtgl2)<t<-gl2 (2)
V(t,0)=2V,t/g; -g2<t<g/2 3)
V(t,0)=V,; g2<t<p+gl2 4)
V(t,0)=Vo<t_C1Cz+Co); prg2<t<oo, (5)

Reprinted from IEEE Trans. Magn., vol. MAG-15, pp. 1319-1322, Sept. 1979.
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Fig. 2. Boundary potentials assumed by Potter and author.
forq =g =p=1. See Fig. 1 for definitions of q, g, and p.

POLE TIP

Shown

The potential at any point (x, y) is given by

R ©)
and the field components are

H, =-3V/ox (7
and

H, =-dV/[oy. ®)

The gap field H, is defined as the horizontal component of the
field at y = 0, -g/2 < x < g/2 and is given by

H,=-0V[dt=-2V,/g. ©)
Evaluating the steps described by (1)-(9) gives
H + -
H,=—% l:tan'1 (—g/Z x> +tan! (__g/2 x>]
m y y
_gHg)’[ (1-6) (1-Co)
2r Ly +(g+g2+x) yP+(p+gl2-x)?

+<‘>’ch3{ (x+Cy)? -y? ran-! (q +g/2+x)_1
o +rCa? 422 [ y 2
(q+g/2+2x+Cs)y

Tl G +y2 ][ + (g + g2+ X))

 y(xt+Cy) n[ (q+82-Cs)
[ +Ca)* +¥2)? | y* +(g+g/2+x)

+gHgC1{ (x-Cy)*-y? [t. o (p+g/2-x)_1]

2 [(x-Cy)? +y?]? y 2
B P+g/2-2x+Cy)y
[Ge-C)? +y2] [y* +(p+g/2 - x)*]

y(x - Cy) ln[(1r7+g/2-02)2 ]} (10)
(- C2)* +p2]2 Ly +(p+g/2 - x)

and
u, = [y2+(g/z—x)2]
Yoom Ly?+(gl2+x)?
N g_lf_g[(q+g/2+x)(1 ~Cs) (p+8/2-x)(1-Co)
2n [ ¥ +(g+gl2+x)? y*+(ptg/2-x)?
+gch3{ 1 ) 2y* }
an P2+ (x+Ca)? [¥EH+(x+Cs)?)?

{n[ (q+g/2-Cs)? ]
y*+(q+gl2+x)
2(x+C4)[ L (@+g2+x) 17]}
- = [tan™! Y -
y y 2
_gHgCl{ 1 . 2y? }
ar PP+ (x-C)? YR - ()R

.{m[ (p+8/2-C,) ]
y:i+(p+gl2-x)

2(x—cz)[ L (p+gl2-x) n”
+——— |tan " ——— - —
y y 2

+ gHgC3 {<X+C4)
2m[y? + (x + C4)?] y

: [tan" (ﬂﬁ&g) i 1] LG+ +g/24x) -y
Y 2]y +(+g/2+x)

+ gH,C, {(x _ C2>
2n[y? + (x - C;)?] ¥

: [tan'1 <p_+gQ—_x> _E] +(x -C)(ptgl2 —x)+y2}

Y 2] y*+(p+g/2-x)? :

(1n

III. EXPERIMENTAL PROCEDURES AND RESULTS

As mentioned previously, the C,, in (10) and (11) were de-
termined experimentally by employing a large scale model.
The large scale thin film head was constructed of 0.3175 cm
thick plates of low carbon iron; the gap material was 1.27 cm
thick plexiglass. Several extra iron plates were fabricated so
that the pole tip lengths could be increased. The coil was 200
turns of 22 gauge enameled wire wound around the back leg
well removed from the pole tips (see Fig. 1). The resulting
equations describe the field produced by both the coil and
pole tips. The use of a large-scale model has several advantages
in that anisotropy and frequency effects are avoided, and the
field components can be easily measured.

The field components were measured at the center of the
head track (i.e., z =0 in Fig. 1) with a Bell model 240 gauss-
meter having an A-2401 axial probe and a T-2401 transverse
probe. The probes were translated with a device capable of
measuring probe movement to 0.1 mm. Since each probe
samples a finite volume, the measurements represent a value
which has been averaged over that volume. However, the head
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SZCZECH: FIELD COMPONENTS OF MAGNETIC HEAD
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Fig. 3. Comparison of calculated and experimental field components.
Axial probe at y =0.26 cm and transverse probe at y =0.12 cm.
Symmetric head, p = q.
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I'ig. 4. Comparison of calculated and experimental field components.
Axial probe at y = 1.04 cm and transverse probe aty = 0.6 cm. Sym-
metric head, p = q.

dimensions compared to the probe dimensions are such that
this error is negligible in most cases. The values given for y in
Figs. 3-5 are the distance from the head surface to the center
of the probe element. Since the boundary potential was
specified along y =0, H, is the field along y = 0. This value
was measured with the transverse probe in a hole drilled in the
plexiglass spacer. The measured value was 132 Oe as denoted
in Figs. 3-5. This value was also used in the calculations.

In Fig. 3 is shown H, versus x at an axial probe distance of
0.26 cm and H,, versus x at a transverse probe distance of 0.12
cm. This was as close as each probe could approach the head
surface. The calculated values are also shown. Only half of
each curve is given since the H, curve is symmetrical about
the origin and the H, curve is antisymmetrical about the
origin. The C, values were determined by a consideration
of the agreement between calculated and experimental values
for H, for various experimental conditions and were found
to be Cy =Cs =041, C, =p/2,C, =C4 =g/2, and C5 =q/2.
For gap length, an effective length of g=1.1g,,, where g, is
the measured gap length, gives a better fit than the measured
value. This is because the potential in the gap is not quite lin-
ear and is better approximated by a straight lineif g=1.1g,,.
In Fig. 3, it is seen that the agreement between calculated and

Hy (Oe.)
fg%too
\
J ®
80\
J 1
d \ =0.26
Joteo ) yo©
’ \
@
'/ 140 &
\
o .
/ 2 .
© 20 * oexperimental
P % «calculated
£ %
3
-6 -5 -4 B ager® 0 18 2 3 xiem)
—t o T N
i Tad 7 V75 pote Tip .t
o Q eSS V7 e »
sy’ S ) i //\bf
PoleTip—7" " ] 200 7 es®
Hg:13209

Iig. 5. Comparison of calculated and experimental horizontal field
components. Axial probe aty = 0.26 cm. Asymmetric head, ¢ = 3p.

experimental values is excellent for H,. For If,, the agree-
ment is not quite as good. In the region -¢ - g/2 <x <-g/2
much of the disagreement in H is caused by the averaging
effect of the probe and the fact that the measurement was
taken extremely close to the head. In the region x <-gq - g/2,
error is introduced by an inaccurate boundary potential. As
pointed out by Potter [1]. V(x)~ 1/x* where a>1. It is
believed that this form of boundary potential would result in
a solution for H, and H, giving better agreement than V(x) ~
1/x. Unfortunately, (6) is not easily solved for this type
boundary potential. In Fig. 3 is also plotted Potter’s formula
for the x component of field. Notice the better agreement to
the experimental field component using (10).

As y increases, the agreement between calculated and ex-
perimental values improves as illustrated in Fig. 4. Again the
differences shown are due to the slightly inaccurate assump-
tions of a linear boundary potential for -g/2 <x <g/2 and
a 1/x boundary potential for x >p +g/2 and x <-q - g/2.
Potter’s formula is again plotted here and does not agree as
well as (10). Equation (10) was verified for y/g = 0.2 whereas
(11) was verified for y/g=0.1. Since (10) and (11) are
derived from the same potential function, it is reasonable
to assume that (10) is as accurate as (11) at y/g=0.1. The
author does not recommend use of these equations for smaller
values of y than y/g =0.1.

The author feels that (10) is of more interest than (11) since
most magnetic recording media are horizontally oriented and
most theories consider only the x component. Thus the cal-
culated values of the field.components for heads having pole
tips of unequal length was verified only for the x component.
The geometry of the large scale model head was changed so
that g =p =¢q/3 as shown in Fig. 5. The axial probe was again
positioned to measure as close to the head surface as possible
(»=0.26 cm). As seen from Fig. 5, the agreement between
calculated and experimental values is excellent. For these cal-
culations the values Cy = 0.40 and Cs = 0.42 give the best fit
where Cy =Cs =0.41 previously. The slight change is prob-
ably due to experimental error. Thus, although there had been
a considerable geometry change, little change in these coef-
ficients resulted. It is reasonable to assume that C, and Cs
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may be a function of # and head width. It was not possible
to determine that dependency, if any, in this investigation.

IV. CoNcLUSIONS

Analytic expressions for the field components of a thin
film head are given. Although formidable looking, the expres-
sions can be programmed for computation with a TI 59 pocket
calculator. Applying the expression to recent digital recording
theories to extend these theories to thin film heads should be
relatively straightforward, since digital computers are com-
monly employed for such calculations. The expressions given
in (10) and (11) have undefined coefficients C,, which were
determined from measurements on a large scale model thin
film head. The values were found tobe Co =Cs =0.41,C, =
p/2,Cy=C4 =g/2,and C; = q/2. These coefficients, particu-
larly Cy and Cs, may change if 4 and head width are changed
significantly. In extending these expressions to actual thin
film heads, anisotropy and frequency effects in the thin film
heads may introduce inaccuracies.
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ACCURATE FIELD COMPUTATION WITH THE BOUNDARY ELEMENT METHOD

M.H. Lean and A. Wexler

Abstract - Interface problems in magnetostatics are
formulated as boundary integral equations of the second
kind involving the appropriate scalar (no current
sources) or vector potentials, The boundary element
method (BEM), which employs parametric representation
of surfaces and sources, is used to solve some two-di-
mensional examples by way of illustration. A novel ap-
proach, automated to address Green's functions singu-
larities overarbitrarily-shaped geometries, is intro-
duced.

INTRODUCTION

The accurate solution of boundary value problems
posed in integral form, require both faithful repre-
sentation of problem geometry and source variation, and
precise approximation of the integral operation. Tra-
ditional modes of solution fall into the class of mo-
ment methods [1] with the most common involving pulse
expansion and point-matching. This technique uses
planar collocation sections over which the source is
assumed constant. Boundary conditions are relaxed by
'matching' only at discrete 'points' which are the geo-
metric centers of collocation sections. The evaluation
of integrals for matrix fill is usually accomplished
analytically especially in the vicinity of kernel sin-
gularities. One immediate consequence is the loss in
geometrical fidelity when curved boundaries are en-
countered.

The BEM is a composite methodology that may be
viewed as a refinement on the preceding moment method
scheme. It has the capability to model arbitrarily-
shaped boundaries through a piecewise assembly of
parametric, non-planar boundary elements. Sub-domain
basis (expansion) functions of appropriate order, de-
rived from Lagrange interpolation considerations, are
used in conjunction with specified node-point coordi-
nates to attain very precise geometrical representa-
tion. Intra-element source variation is handled by the
same type of basis functions so that use of the same
order results in an 'isoparametric' scheme. Each
element in n-dimensional 'global' space is linked by a
mapping to a standard simplex in 'local' n-1 space.
This feature leads to algorithmic convenience since
matrix accumulation is performed on a per-element ba-
sis. Another useful consequence is the reduction in
overhead as expansion functions and quadrature data
need to be specified only once on the simplex.

Problem discretization is via the Rayleigh-Ritz
procedure on the variational functional which can be
shown to result in a form identical to that resulting
from a direct application of Galerkin's method. In the
accumulation of matrix entries, Gauss quadratures [2]
of appropriate order and form are solicited for precise
integration over each element. In particular, singu-
larities introduced through the use of Green's func-
tions and their derivatives are handled accurately by
a fully automated numerical scheme. By tailoring
Gauss quadratures for specific applications, required
precision can be attained with minimal sampling. A
welcomed consequence of these innovative treatments is
that matrix diagonal strength is enhanced, thus further
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ensuring the well-conditioning of the integral equa-
tion-generated matrix. Further details on the BEM are
published elsewhere [3], [4].

SINGULAR KERNELS

The main difficulty encountered in integral equa-
tion solution lies in the numerical approximation to
the integration process for singular kernels. This
singularity is a direct consequence of Green's func-
tion when the observer and source locations coincide.
Conventional methods of addressing this crucial issue
include analytic integration over 'flat' intervals,
and the evaluation of Cauchy principal values. Being
analytic, these techniques are unavoidably problem
geometry dependent, thus restricting their widespread
application. With few exceptions, their usage incur
tedious manipulations that contribute to both core
length and overhead.

The BEM addresses this issue with a two-step pro-
cedure: first, by choosing a weight function that will
uniquely specify a Gauss quadrature formula; and se-
cond, by sectioning the element about the singular lo-
cation and ensuring that the quadrature rule is orient-
ed in the appropriate directions to collectively handle
the limiting behaviour. Singularities of Green's func-
tions for static fields in two- and three-dimensions
(logarithmic and r-1 behaviour), are treated by essen-
tially the same sectioning philosophy. To illustrate,
consider a line element in two-dimensions that is sec-
tioned into two parts about the singular location.
Since the form of the kernel singularity is logarithmic
a quadrature scheme with weight w(Z) = -&nz is
chosen for this application. This quadrature data is
then operated on by two linear transformations subject
to the constraint that the behaviour of the weight
function be preserved. In effect, this maneuver posi-
tions the quadrature so that the singular location is
approached on both sides in logarithmic fashion. The
net result is the construction of a special set of data
that will integrate a logarithmic singularity within
the line element. The inherent merit of this scheme is
that it is defined on the simplex so that the form of
the singularity is preserved regardless of the actual
size or shape of the 'global' element. Extensions of
this scheme to three-dimensions and to time-harmonic
Green's functions are straightforward [3], [5].

SCALAR POTENTIAL
A typical example of an interface problem is that

of the perturbation of a uniform magnetostatic field
by a permeable body (Fig. 1). Let fij and ﬁe be unit

Re, M2

Fig.l, Interface problem geometry

Reprinted from IEEE Trans. Magn., vol. MAG-18, pp. 331-335, Mar. 1982.
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normals directed into and out of the region Rj. Also,
let material constants be u; and y, for the interior
and exterior regions, respectively. From linearity of
Maxwell's equations, one may consider an equivalent pro-
blem posed by the superposition of the applied field in
Re, and the perturbation field due to a polarization
source distribution on S. This source distribution is
a direct consequence of the interface condition and
vanishes when- y; = W2 . Thus, signifying H, Ha and Hm
to be the total, applied and perturbation f1e1ds
respectively, then
H o= H +H (1

and in particular if ¢ and ¢ are Laplacian in all R,
then the total potentlal ¢ w111 be given by the alge-
graic summation of the corresponding scalar potentials,
or

@ = ¢, (@ + o (D) )

where H is given by
§=—V$ 3)

The following subsections discuss the origins and re-
lative merits of three formulations that may be used to
address this problem. For convenience, material per-
meabilities are set to be u, = o for free-space, and
U; = Uuo where p is the relative constant.

Simple-Layer Kernel Formulation

This formulation is derived from the use of a dis-
tribution of simple-layer polarization sources O(s)
on S. The perturbation potential ¢ everywhere in R
is given by

LITJ clF|s'] o(s')ds" (4)

o (x) =
where G is Green's function which is singular on S thus

requiring special handling. Boundary conditions on S
require that both

-~ ~

o1 = 92 (5)
and 2% %2 o g 6)

an, T M2 3,
1 e

be satisfied. Since ¢ is harmonic in R and contin-

uous across the 1nterface condition (5) is satisfied

when ¢, =%, on S. For flux continuity, consider the
Neumann formulatlons of (4) taken along fij and fie such
that

3¢m1(5) _ —l—J 3G[s|s'] o(s")ds' - a(s) %)
3ni o 3ni 2up ’
and
3¢m2(s) _ _le 3G[s|s'] o(s')ds' - a(s) (8
3ne Ho Bne 240

on S where the last term of each of the above expres-
sions represent the jump in flux in crossing the boun-
dary. Expanding (6) into component form, dividing
throughout by 1, , and recognizing that the normal de-
rivative of ¢a and ¢ a,2T¢ identical, the result is the
simplified 1nterface condltlon

oy 1)%— ©)
e

Lo on, + on =
i e

Substituting (7) and (8) into (9) and notlng that the
normal derivative of G in the Nj and ne directions sum
to zero, the expression

1 [ aG[s]|s’ ' @ + 1) 9(s)
= J——L—lan o(sas + LI DIy o)

is obtained where subscripts have been dropped with the
understanding that normals are directed along ne. The
right-hand side of (10) represents the normal component
of the applied field and is computed from

A a¢a
Han = -0 V0, = -7

(11)

Once o(s) is know, ¢

n €verywhere may be computed from
(4) and ¢ from (2).

Double-Layer Kernel Formulations

An alternative to (10) is to express perturbation
potential ¢ everywhere in R as a function of its
values on S, i.e.

' ¢ (s)
J B RCPLY +ﬂ—i_l' 2

Al Al
= JG[SIS ]Hands (12)
which is seen to retain the same form except for the
right-hand side which is considerably more involved.
Details of the derivation are reported elsewhere [3].
Computatlon of ¢ subsequent to the solution of (12)
requires the determination of ¢' on S. This require-
ment however, could be removed by eliminating the flux
term, a procedure justified by the fact that ¢m(s)
alone is sufficient to define ¢m everywhere in R.

Hence, through a series of algebraic manipulations, the
total potential 6 is obtainable as
¢, (x) + ¢ () 3 TeRy
O(r) = < 9,(s) + ¢ (s) ; Tes (13)
l 6, +1o® 5 Ter
where ¢ for r ¢ Sis given by
o,(r) = -1 J {clxr]s"n, (s")
hod '
- gt 2UEL Dyger (14)
m on
A more compact expression than that of (12) is
provided by
Gs]s'] Fgrygsr + XL 1) $(s)
on' w-1 2
= TITT:_IY ¢a(5) (15)

Wthh is a formulation in terms of total potential

¢ on S. Corresponding ¢ everywhere is calculated
from - - -
¢, () + ¢ (r) 3 T EeR
o(r) = < (16)
Ly @m+io®m R
M "a U o'm 4 re i
where ¢m is now given by
Fla'l ~
6. = --1 J 3Lels'] e yast an
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The expressions (10), (12) and (15) are three
formulations of the same problem in terms of second
kind Fredholm integrals with fairly well-behaved ker-
nels. By replacing 9@oby'Mh, the normal component of
equivalent magnetization sources,the matrix of (10) is
seen to be the transpose of (12) and (15). The most
noticeable difference is in the form of the excitation
function where (10) and (15) are simple and compact.
In the case of (12), a double-surface integral has to
be evaluated. Besides additional time required in
matrix fill, the kernel also requires special treat-
ment since G is singular on S. Consequently, this
formulation is not a viable alternative. The main dif-
ference between (10) and (15) lies in the computation
of $ once the equations have been solved for boundary
sources. With the former, the expression for ¢, is
valid everywhere without reservation; but the same can-
not be said for the latter. As such, numerical incon-
sistencies with respect to sign changes may arise for

¥ close to the interface. The formulation in terms
of 9, on S has another disadvantage when it comes _
to field determination. From inspection of (14), ¢ ()
is dependent on the product of u with the difference
between two small values. In the limit as >,
the error in ¢m computation is magnified especially
for the exterior fields. The interior expression is
more stable due to the added factor of =1 .

The choice of which of (10) or (15) to implement
really depends on the parameter of interest. If inter-
face potentials are important, then (15) would be pre-
ferred since ¢ is the unknown variable. But if field
definition within R is deemed important, then (10)
would be a better choice due to the continuity of ¢
across S.

Permeable Square Cylinder Problem

This example entails a two-dimensional analysis of
a square, permeable cylinder oriented as shown in Fig.
2. The uniform Hy - field is directed along the posi-
tive y - axis by setting ¢_, = -y. Using quarter plane
symmetry, only the fourth quadrant need be addressed.
Galerkin's method is applied individually to (10), (12)
and (15) to solve this problem.

y
X
]
o Mo
H (0,-2.5)

Fig. 2.Permeable square cylinder in uniform H-field

Each of these equations is seen to be of the second
kind with well-behave kernels. In particular, the nor-
mal derivative of Green's function is

G _ A-7 = - 1 cos(f, r - 1r")

n 2m - - (18)
Ir -1

which is finite in the limit as r - r' since the
argument of the cosine function tends to T/2. As a re-
sult, only the Gauss-Legendre weight wix) =1 need
be used for integration over the source variable.

The BEM model consists of 4 cubic elements invol-
ving 13 unknowns. Denoting the formulations of (10),
(12) and (15) as F1, F2 and F3 respectively, the poten-
tial ¢ computed at coordinate positions (0, -1) and
(0, -2.5) are compared in Table 1. for various values
of u .

Table 1. Computed potentials §

-4(0, -1) -$(0, -2.5)
u Fy F, Fy Fy F; Fy
1 1.0 1.0 1.0 2.5 2.5 2.5
2 649 649 .648 20332 2.332  2.332

10 .175 <174 .173 2.074 2.070 2.074

102 .208 x107} .199x 107! .188x107  1.979  1.929 1.979

10° .383x107? .293x107? L190x107% 1,968  1.457  1.968

For the situation u = 1, the interface does not
exist, i.e. Fj and F) have only the trivial solution
for Mp and ¢m respectively. F3z has the solution

o= ¢a as expected. Therefore, the exact values of

¢(0, -1) and ¢(0, -2.5) are returned in the
first row. As u 1is increased, the results for F2 in
the exterior region, deteriorates in comparison to Fy
and Fz. Also, $ computed close to the boundary, have
negative signs expecially for large u . This discre-
pancy is due to the formulation (14) used to recover

m + As u > o , the H-field in the cylinder is
vanishing so that for (14) to hold true, very precise
field cancellation is required between the applied and
the magnetization components.

Potentials on the surface are more aptly computed
by Fz since ¢ is the unknown. Fp requires the summa-
tion of 9, and ¢m on S. The difference in the results
of Fp and F3 is attributed to the inaccuracy of solu-
tion of ¢, - the error being introduced in the
computation of the excitation vector. Of the three,

Fj is the least accurate in terms of surface potentials
due to the crude recovery scheme used. Theorectically
(4) is singular on S so that special attention is neces-
sary. In comparing the accuracy of computed exterior

¢ , no difference can be detected between F; and F3z.
Thus, this observation reiterates the theorectical
claim that F; is more viable in terms of computational
economy. Equipotential plots of g computed using
F1 are shown in Fig. 3.

Fig. 3, Contours of equipotentials ¢ :

(a) u=10; (b) uw=100; (c) u= 1000

VECTOR POTENTIAL

A vector formulated problem is posed by a current
coil radiating through a permeable body into free-
space. In the case of a magnetic recording head where
the length is much greater than cross-section dimen-
sions, a two-dimensional analysis is sufficient. As
such, the following derivation is for the z-component
of magnetic vector potential A . Again, citing the
linearity of Maxwell's equations, the equivalent pro-
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blem to be considered is the superposition of the
effects of a current conductor alone in air; and a dis-
tribution of magnetic sources on the head_cross-sec-
tion. The component of vector potential A due to a
z-directed current density is give by

A'i(;) = U J G[r|R"] J,(R"AR' T € Ry + R, (19)
where R', Ry and Ry denote conductor cross-section,
head cross-section, and free-space respectively. Us-
ing a simple-layer kernel formulation for the sources,
the following equation may be written separately for
R1 and Ry

M - -

Az(r) = J Glr|s"] Mt(s')ds' (20)
where Mt denotes the tangential component of the
magnetization on S caused by Btap due to the current
source. The total potential Az is then

v = T = M-

Az(r) = Az(r) + Az(r) (21)
Interface conditions on S require continuity of normal
component of B and tangential component of H, or

AZ] = Azz (22)
and ~ ~
1 BAZ1 ) ;L_aAzz 2%
H1 on Uz Om (

Enforcement of (23) with u = Bl jeads to the reduced
interface condition &

oA, aAfz BA‘:
B, TV, T D @9
1 e e

Substituting the appropriate normal derivatives of
(20) into the above and rearranging, the result is

J
aclsle’] y (grygqr + Lxw B ) o
on t (1 -y) 2 dn
where the right-hand side is computed from
J
A" (s
z( ) ) 3G[s|R'] J (R')AR' ; se S (26)
on Mo on z

Once (25) is solved, Kz everywhere is calculated from
(19), (20) and (21). In practice, the parameters of
interest are the downtrack (Byx) and vertical (By)
fields which are give by

M, - J =
9A” (r) A" ()
= - 2z (27)
Bx(r) = 3y + 3y
and
B QAI;I(;) BA‘ZI('E)
By =t T T (28)

These derivatives may be carried within the integral
since they are with respect to the unprimed variables,
thus giving rise to a neat and compact algorithm.

A Recording Head Problem

Galerkin's method is used to solve (25). The
Green's function used is given by

_L
2m
where the last term on the right-hand side is included
to make the integral operator positive-definite. The
reference point iR is chosen quite far away to make
this term approximately constant. The physical effect
of this manipulation is to regularize the potential
behaviour so that it vanishes logarithmically as
‘f — IER[ . Problem dimensions are 2 X 10 microns
for the conductor, and 6 X 13 microns for the head.
The BEM models of the conductor and head cross-sections
are shown in Fig. 4. A constant current density of

1T = -3 L onlE -3 29
Glr|z'] = fnlr - *'| + T 2n|rR r'| (29)
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.03A/micron2 flows in the conductor which is modelled
by 4 linear triangular elements. A basic configura-
tion for the head is the 8 element model of Fig. 4(c),
with the facility to increase the degree of interpola-
tion from a linear (8 nodes) to a quartic (32 nodes)
approximation.

Ho
H' P 1
ermalloy
% /
/ “
conduc'or-\ / ® Node number
\ # Element number
(a)
6 +6 7
3 4 S22
*4
*3 I T
2 5
*2
y
A #4 | | 1+8
e 5 4% 8

(b) (c)

Fig. 4. Magnetic recording head: (a) cross-section;
(b) BEM model of conductor; and (c) BEM
model of head cross-section

Fig. 5 shows the vertical and downtrack fields at
distances of .5, 1, 2 and 4 microns below the head.
The 'bumps' in each curve at approximately
micron are not observed until a cubic interpolation
scheme is used. Evidently, the rapid undulation of
the field demands higher-order interpolation of the
boundary sources.

CONCLUSION

The BEM offers high fidelity in geometrical
representation in addition to the theorectical guaran-
tee for convergence through the use of the variation-
al/Galerkin method. Solution accuracy is made econo-
mical by the tailoring of quadrature formulas to ob-
tain maximum precision with minimal sampling. The
technique for addressing Green's function singulari-
ties allows for automation in the treatment of arbi-
trary geometries [5]. In addition, the problem of
source singularities due to geometry-at edges or cor-
ners may also be handled by incorporating the form of
the singularity into the trial function set [3]. Ap-
plication of the BEM to vector, three-dimensional pro-
blems as in electromagnetic scattering, are published
elsewhere [3].
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DISCUSSTION

It was stated that the method handles
singularities at corners and edges.
Is there any special feature of
singularities at corners different
from those at edges?

Yes, In the order of singularity

given by r ¥ where v= 1 - —% and

6 is the re-entrant angle, The two-
dimensional edge corresponds to
5§=2w. A 'corner' has 6 in the
range: m<6<2mw.

Have you made any progress in
applying B, EM. to nonlinear magneto-
static problems,

No, not yet. We have concentrated
so far on developing the tools
necessary for building up the BEM
code. However, this problem area
will definitely be investigated in
the very near future.
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Analysis of the Efficiency of Thin-Film Magnetic Recording Heads

Andrew Paton :
IBM United Kingdom Laboratories Ltd., Hursley, Hampshire, England
(Received 18 January 1971; in final form 22 July 1971)

Equations for the flux, magnetic field, and current distributions in a single-turn planar mag-
netic recording head are derived making the assumption that the magnetic material has con-
stant permeability. These equations are solved in the frequency domain and an expression is
given for the head efficiency in terms of the head dimensions, permeability, and frequency.

Recently there have been reports!'? of attempts to
produce thin-film magnetic recording heads. In this
letter we report a theoretical analysis of a single-
turn planar recording head. A typical geometry and
some definitions are given in Fig. 1. The analysis
reported here is concerned with the part that the di-
mensions ¢y, /3, and ! play in determining the effi-
ciency of the head. As an approximation we assume
that the fringing field pattern (x < 0) does not vary
with ¢, ¢,, or I, but that its magnitude is propor-
tional to the gap field at x= 0. Our main assumption
is that the permeability u of the magnetic films is
constant and that u > 1. For simplicity we assume
that quantities do not vary in the y direction.

Since p> 1 it is clear that the flux ¢(x) in the mag-
netic films will be essentially parallel to the films
and that the magnetic field H(x) in the copper-filled
gap will be almost perpendicular to the films.

We assume that the frequency of operation and the
thickness of the films are such that we may neglect
variations in the current density in the z direction,
so that the current density J is a function of x alone.
With these definitions and assumptions we now apply
the integral forms of Maxwell’s equations to an ele-
ment of the head. This is illustrated in Fig. 2.

Calculating the integral of the magnetic field around
the rectangle ABCD, we get

oH
—3x ot i =J(X)y, (1)

where H,,(x) is the internal magnetic field of the
films.

Applying the conservation of magnetic flux to the ele-

ment gives
9¢

Calculating the integral of the electric field around
the rectangle BEFC, we get

sl oH
ax - M5 @

where o is the conductivity of the gap material.

DRIVE SENSE CONDUCTOR THICKNESS t?

THIN MAGNETIC FILM YOKE THICKNESS t4

y

SIGNAL LOOP S

REGION OF
FRINGING FIELD

currenT L

FIG. 1. Typical thin-film magnetic recording head showing
coordinate conventions used.

Reprinted with permission from J. Appl. Phys., vol. 42, no. 13, pp. 5868-5870, Dec. 1971.
Copyright © 1971 American Institute of Physics.
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COMMUNICATIONS

@]

o 1 2

FIG. 2. An element of the head in the x direction. The inte-
gral forms of Maxwell’s equations are applied to the loops
ABCD and BEFC.

The internal field H,,, and the internal flux ¢ are re-
lated by

b= tpoWtH . (4)
Using Eq. (4) we may write Eq. (1) in the form
H_ 20 _ iy, (5)

Rl 7R AT

pifferentiating Eq. (5) with respect to x and then us-
ing Egs. (2) and (3) we get

#H 1 oH

Tg;z-: ‘XEH— I.loo'_al-, (6)
where

A= (3t t,) 2. (N

Usually we know the total current I through the drive
sense conductor, so that

ty fo' J(x)dx=1I. (8)

Assuming now that all of the dependent variables
have a time dependence of the form e’“* we can solve
the equations for H, ¢, and J in a straightforward
way. We let H=H,e’“* and similarly for the other
variables.

The general solution to Eq. (6) is

H,= A sinhkx + B coshkx, (9)
where

k= (1/2%) = jwuqo. (10)

Using this general solution for H, in Egs. (3) and (5)
we can obtain the general solutions for J,(x) and
¢4(x), namely,

J,=C + (jwiteo/k)(A coshkx + B sinhkx), (11)
b,= s Wt it ig[A(R + jwgo/B) coshkx
+ B(k + jwp,0/ B sinhkx + C]. (12)

We now select two sets of boundary conditions which
represent the head—first in the write mode and sec-

ond in the read mode. In the case of the write mode
we assume first a nonzero current I, in the conduc-
tor, second that the head is flux closed at x=1, i.e.,
H,()=0, third that the flux ¢ is zero at x=0. This
latter assumption implies that the flux of the fringing
field is small in comparison to the total flux across
the gap.

With these assumptions and some algebra we can de-
termine the coefficients A, B, and C from Eqs. (8)-
(12). In particular, we find

72 ®tanhkl
tz(kl -]w uoaxz tanhkl) :

H,(0)=B= (13)
In the case of the read mode we assume that the total
current through the drive sense conductor may be
neglected, i.e., I,=0. As before, we assume that
H,()=0. Finally, we assume an input flux ¢, at x
=0. With these conditions and again some algebra,
we can obtain the coefficients A, B, and C. There is
one further step in calculating the signal from the
flux distribution ¢,(x), and that is the question of
how much of the flux contributes to the signal. To
answer this, we must use Faraday’s law:

gss E. df:-a—d)"'

3 (14)

where S is a suitable loop and ¢4 is the flux linking
the loop S. In practice the simplest loop we can
choose is probably the one illustrated by a dotted line
in Fig. 1 in which the position of the portion of the
loop passing through the gap is chosen such that the
resistive contribution to the signal is zero, i.e.,

J(x,)=0. (15)
The signal is therefore due only to the flux contribu-
tion which is clearly ¢(x,).

Using the previously determined coefficients A, B,
and C and Eq. (15) we can show that the signal volt-

FIG. 3. Modulus of the efficiency n as a function of I/A :
with the skin depth & =(2/wp0)'/2 relative to A =(u ¢,8,)!/2
as a parameter,
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age Vg is given by

- jwpk? N tanhkl
Rl - jwooX* tanhkl *

As we might expect from the reciprocity theorem,
the efficiency factor n can be obtained either from
Eq. (16) for the signal or Eq. (13) for the write field.
We get

Vs==jwd(rs)= (16)

£2)% tanhkl
=Bl = joieont tanhkl *

As w-0 we see that the low-frequency efficiency

1

factor 7, is given by

__tanh(I/))

V=g (18

Graphs of Inl are given in Fig. 3 as a function of
1/x for three values of the skin depth 6= (2 /wu,0)t/2
relative to the length A.

!L.T. Romankiw, I. M. Croll, and M. Hatzakis, IEEE
Trans. Magnetics MAG-6, 597 (1970).

2J.D. Lazzari and I. Melnick, IEEE Trans. Magnetics
MAG-6, 601 (1970).
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Domain Effects in the Thin Film Head

R. E. Jones, Jr.
IBM Corporation

San Jose,

ABSTRACT

An analysis is presented showing that delays
in the response of thin film heads can lead
to distortions in the shape of isolated
pulses including decreases in the peak ampli-
tude, increases in the isolated pulse half
width, and, in extreme, the disappearance of
the negative amplitude trailing edge of the
pulse characteristic of the thin film head.
Examples of thin film heads have been found
exhibiting isolated pulse forms corresponding
to variable delay times after near saturation
of the head in writing. These examples sug-
gest that variable domain structures in the
head are associated with these delays. One
specific model for domain wall motion in the
head is considered in detail showing a rela-
tionship between the equations of motion of
domain walls and the delay times associated
with the portions of the head blocked by
closure domains.

INTRODUCTION

Domains in thin film heads have been evoked
as explanations of noisel and, more recently,
read pulse shape irreproducibility following
near saturation of the head in a write opera-
tion on a remote track. Examples of isolated
pulses from heads exhibiting this phenomenon,
Several

are shown in Figures la and 1b.

(a)

Figures la and lb. Thin film head isolated
pulses before and after writing on a remote
track.

features of the different pulse shapes roughly

correspond to what would be expected if
portions of the head were responding with a
delay time constant, T , which changes after
the near saturation of the head. For example,
the leading edges of the pulses show rela-
tively small distortions, peak amplitudes are
somewhat effected, while the trailing portions
of the pulses are considerably distorted.
Moreover, a more detailed analysis shows that
the total area under the pulses is nearly
identical for every case. In the next sec-
tion the effects of introducing various

CA 95193

delays to an ideal pulse will be analyzed and
these general features demonstrated. It will
also be shown that the complicated distortions
in the trailing edges of the pulses (note
Figure 1lb) to a degree can be replicated by
assuming that different portions of the track
width respond with different delay times.

Although the details of thin film head domain
structures are a result of many factors, some
of which are accidental, such as film defects
and stray fields, it is possible to postulate
plausible models for domain structures which
would exhibit delays corresponding to those
observed in distorted pulses. One example of
a domain structure is given by the Bitter
pattern shown in Figure 2 for a single layer
of a yoke structure. Here it can be seen
that closure domains block a portion of the
head track width so some flux traveling
through the head can vary only by domain wall
motion. In the third section we consider one
idealized model for domain motion and calcu-
late a time constant basgd on the equation of
motion for domain walls. The constants
governing the equation of motion can be
related to magnetic material properties, film
thickness and the geometry of the domains.
The results of these calculations show that
the time constants observed, in fact: have

a plausible explanation in terms of the known
behavior of magnetic materials. As might be
expected, the parameters which lead to small
delays are generally those associated with
small edge domains for the domain model con-
sidered.

Figure 2. Bitter pattern of domains in a
thin film head pole piece.

EFFECTS OF MAGNETIC LAG

By considering the relationship between the
flux, ¢, linking the turns of the head and
the magneto-motive force, u, across the
recording gap, u = R¢, a magnetic lag can be

Reprinted from /EEE Trans. Magn., vol. MAG-15, pp. 1619-1621, Nov. 1979.
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introduced by adding a term proportional to lution of the thin film head can be degraded

the time derivative of flux: by delays in the head response.
u = R(¢p + T¢) (1) In detail, not all of the structure in the
pulses can be accounted for as simple changes
Since the time derivative of flux is propor- of T. For example, none of the "wiggles" in
tional to the voltage sensed by the head, the the trailing edge of the peak in Figure lb are
derivative of Equation 1 implies: present in Figure 3. However, features
. resembling these "wiggles" can be formed by
Vo = V¢ + 1V (2) superimposing two pulses with somewhat dif-

ferent Ts. These two pulses might, for
example, correspond to the response of the

Where Vr is the response corresponding to a center and outer portions of the yoke of the
delay time T and V_, to the ideal signal for head. Figure 4 shows such a pulse shape con-
T=0.

structed from the curves in Figure 3 assuming
that half the head responds with T = 10

For an isolated pulse, the general solution nanoseconds and half with T = 40 nanoseconds.
to Equation 2 is given by

+ ds 10
Ve (t) = exp(-t/T)fexp(s/T)Vo—T— (3)
(¢}
Figure 3 shows the effects of various time
constants on an ideal isolated pulse computed 751
used this equation. The arbitrarily drawn Vs(r=10) + V(r=40)
pulse labeled T = 0 was deliberately made <§ 2
symmetrical with negative wings before and >
after the peak as expected for identical thin g
film pole tips3 close to a thin media. 5 5k
e
®
0 .
1.0 T §
= 10 nanoseconds (7]
Nl
.75} 25
7 =20 note ripple
g;
.50
, T =40 0 1 1 ]
N 0 50 100 150 200 250
251 \\ e, Time, nanoseconds
\\\. ouu""“. Figure 4. Superposition of two isolated
0 N b pulses with delay times of 10 and 40 nano-
0 1I__ V seconds.

50 100 150 200,
Time, nanoseconds

Figure 3. Isolated pulses from a thin film A MODEL FOR DOMAIN WALIL MOTION
head subject to various delays.

Assuming edge domains block a portion of the
track width as shown in Figure 5, that the

In general, the effects of progressively long easy axis of the magnetic material is oriented
time constants are: (1) The peak amplitude across the track, and that the domain walls
decreases with increasing time constant such are pinned at the edges of the track for rela-
that the peak of the delayed pulse lies on tively small fields, an expression for the
the curve for V,. This is a consequence of delay time, T , can be developed. It will be
Equation 2. (2) The half height pulse width assumed that the magnetostatic energy associ-
broadens slightly with increasing T. (3) The ated with magnetic poles appearing at the
negative swing in advance of the peak becomes domain walls is large and that in equilibrium
more shallow with increasing T ; however, it
never vanishes. (4) The negative swing "
trailing the peak vanishes for T = 20 nano- s 9 .
secondsgfor the example shown in Figure 3. ‘zi::: easy axis
(5) However, from the integration of Equation
2 it can be shown that the total area under AN
the pulse does not depend on T. \\._ﬂ ZF_'
Pulse forms such as those in Figures la and 1lb N\
can at least approximately be accounted for as \
members of a family of curves corresponding to /’ -
different values of 1. For example, lower
peak amplitudes are associated with larger -5/ M
trailing edge amplitudes, greater half widths, // 0/2 0::: S
and more shallow leading edge undershoots. //
For several pulses in a series feature (5),
the constant area under the curve, has been
verified to within a few percent.

1 H, applied field
Considering the superposition of a train of
pulses such as those shown in Figure 3, it is Figure 5. A closure domain pinned at the edge
clear that the intrinsic amplitude and reso- of the track in an applied field.
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the walls will move to avoid creation of such
magnetic poles. In equilibrium with a small
applied field H and with no divergence of
magnetization at the domain walls, the edge
domain walls will rotate through an angle

/2, where 6 is the angle of rotation of
magnetization in easy axis domains such that

H/Hk = sin® = © (W)

This implies a motion z of the tips of the
domains given by:

z 2 6D/2 (5)

for small fields. Clearly, Equations 4 and 5
are somewhat arbitrary and valid only if the
domain walls are pinned at the edges of the
track. If the domains are freer to move, the
distance moved by the tip of the domain will
be greater than given by Equation 5. On the
other hand, imperfections in the film could
limit the motion even more.

For small reversible domain wall movements an
equatiog of motion for domain walls can be
written~:

B_dl + oz = A(ﬁpl) (6)

> > > >
where A(H-.M) is the change in the H-M dot
product from one side of the domain wall to
the other. This is an approximate equation
which neglects domain wall intertia, but
includes a term for damping with coeffi-
cient g .

Considering the model for the case of equili-

brium (dz/dt = 0) it can be shown from Equa-

tions (4) and (5) that the coefficient a in

Equation (6) is

zMsHk
D

107
= uxDO erg cm"”, (7)

o =

for permalloy with the dimension D in micro-
meters.

The damping coefficient B is a sum of terms
for two mechanisms, relaxation and eddy
current damping. For permalloy films 1
micrometer or greater in thickness the latter
should dominate. According to the eddy
current theory for domain wall mobility given
by Williams et al® the damping coefficient is

oo (1.052)32dms (Wmitg)y

(8)
n2¢2p

where ¢ is the speed of light, p is the film
resistivity (20ufl-cm for permalloy), (4TMg)) is
the component of saturation induction parallel
to the wall, and d is the film thickness. For
permalloy :

-4
B = 0.98 d erg sec cm (9)
for thicknesses d in micrometers.

For the fraction of the track width blocked
by closure domains the flux increment in
response to an applied field is proportional
toz. It follows from equations 2 and 6 that
the delay time associated with this fraction
is given by

8/a = 2.45 x 10°°

dD sec (10)

]

T

for permalloy with dimensions d and D in
micrometers. This equation shows that for
the model under consideration edge domains
determine not only the fraction of the
response subject to delay but also the delay
time itself. It follows that the materials
properties of the heads and the techniques
used to fabricate it must be optimized to
reduce these domains and thereby produce a
more ideal, reproducible pulse forms.
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Magnetic behaviour of narrow track thin-film heads

W. F. Druyvesteyn, E. L. M. Raemaekers, R. D. J. Verhaar, and J. de Wilde
Philips Research Laboratories, 5600 MD Eindhoven, The Netherlands

J. H. J. Fluitman and J. P. J. Groenland
Twente University of Technology, Enschede, The Netherlands

The influence of the trackwidth on the performance of thin film heads has been tested. Results of experiments
on the wafer have indicated an increase in the head efficiency with decreasing trackwidth. This was
underlined by measurements of the head fringe field and tape recording experiments. A model which takes
the domain structure into account has been developed to interpret this behaviour.

PACS numbers: 75.60.Ch, 85.70. — w

INTRODUCTION

Thin film heads are especially suited for use in recording sys-
tems with a high information density e.g. a narrow trackwidth. There-
fore it is important to know the influence of the trackwidth w on its
recording performance. The magnetic yoke of a thin film head has
dimensions such that it will not be magnetised uniformly but will
split up into domains, owing to the high demagnetising field. A
study of this domain structure revealed [1] that it greatly depends on
the trackwidth of the head.

{a) Physical aspects of this trackwidth dependence.

It is usual to have the easy axis (e.a.) of magnetisation parallel to the
tum (fig.1). In this situation domains will occur with a period d which
depends on w [6].

When a magnetic field H is applied perpendicular to the tum, domain
wall displacement and rotation of the magnetisation will occur as
illustrated in fig. 3. We assume that the coercive field is equal to zero
so that domain wall displacement occurs at the lowest fields.

If w>d domain wall displacement hardly contributes to the magne-
tisation in the direction of the field. In this case only rotation plays a
role so that the permeability is determined by the ansiotropy field
Hy, mou, = B/Hy, where B is equal to the magnetic induction of the
saturated strip. However, if w is reduced, wall displacement contribu-
tes to the permeability and ugu, > Bg/Hg.

If the e.a. is perpendicular to the turn only wall displacement governs
the magnetisation process. Therefore no trackwidth dependence will
be expected.

(b) Relation between efficiency and permeability.

For a thin film head the relation between the efficiency n and the per-
meability of a thin film head has been derived by Paton [2]. In general
n increases with increasing y,, but in some heads the influence is very
weak. In Table | we give some examples of heads with different
poletip length p and height h.

Table | clearly shows that for some heads the influence of u, on 1 is
quite strong (type |) while for other heads (type i) hardly an in-
fluence exists. In our experiments type | was chosen as we wanted to
study the influence of the domain structure on 7. However, in a
recording system one mostly prefers to eliminate this effect and uses
type |1 head.

TABLE |
u 500 800 1000 1500 2000
I p= tum
g= 2um 47 56 60 67 72
h =20 um
Il p= 4um
g= 2um 87 91 93 95 97
h= 5um

Efficiency 7 (in %) as a function of u, for
two types of heads following [2].

MANUFACTURING OF THE HEADS

In order to measure the influence of w on the magnetic behav-
iour of a thin film head, special test circuits have been designed con-
taining a series of identical single turn heads with different w. Heads
have been processed with a symmetrical (two Permalloy shields)
structure on oxydised silicon wafers. Non-magnetostrictive Permalloy
films with a thickness of 1 um are obtained by electrodeposition. A
0.06 um thick sputtered NiFe layer serves as the plating base. Some
typical magnetic parameters of this electrodeposited material are:
He =80 A/m; Hx =400 A/m, while most films are made with a well-
defined e.a.. From these layers the heads are formed by means of
chemical etching or ion-milling. Sputtered SiO, is used as an insulator
and sputtered MoAuMo as a conductor.

The heads are encapsulated and polished so that either the height
h =20 um (type |) or h=5 um (type II).

WAFER TESTING

The magnetic properties of the heads with w ranging from 600

um to 10 um have been measured on the wafer.
In order to get a clear picture of the influence of w, it is necessary to
measure a large number of identical heads. Therefore the electronic set-
up was arranged around an Electroglas 900 wafer tester. The induced
voltage v across the test turn (fig. 1) was measured as a function of the
ac current i flowing in the writing turn. The frequency was 0.6 MHz.
The effective permeability u, was found frog the mutual inductance
M by using the transmission line model [2]. }

In the heads with e.a. oriented parallel to the writing turn, all
experiments indicate that u, increases with decreasing trackwidth.
This is illustrated in fig. 1. Curve | represents the results of heads for-
med by means of chemical etching and curve Il heads formed by ion-
milling. No difference can be seen. If w is larger than 200 um, only a
slight increase can be detected. However, if w <50 um, especially in
the circuits with w down to 10 um, we see a dramatic increase in u,
(fig. 1, curve II1).

3000 testing turn
—ea
writing turn
2000
1000} — rmd
1

00 200 300 400 500 600

trackwidth w (pm) ———»
Fig. 1. The trackwidth dependence of u, as measured in wafer
testing experiments.

Reprinted with permission from J. Appl. ‘Phys., vol. 52, no. 3, pp. 2462-2464, Mar. 1981.
Copyright © 1981 American Institute of Physics.
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On the other hand the heads with the e.a. perpendicular to the
turn do not show this behaviour, but taking all heads on one wafer
into account the standard deviation is very high.

The u, of these heads depends on the accidental occurrence of pinning
points and structural imperfections of the Permalloy which was in
agreement with the observed domain structures.

HEAD FRINGE FIELD

The head fringe field has been measured with a magnetoresistive
transducer (MRT) and analysed in a way described earlier [3].
The fields on the energised heads were measured by placing them
underneath the magnetoresistor at an accurately adjusted distance,
and moving them laterally while keeping the separation at a constant
magnitude. The thickness of the MRT was 0.03 um and its height
2.8 um. Since the latter value is large compared with the field inhomo-
geneities, the analysis of the field tracks takes the transducer response
into account [4]. In this way ‘field tracks’ were produced as a function
of head/transducer separation and as a function of writing current.
The orientation of the transducer is such that the perpendicular field
component is detected. Measurements were performed on heads with
a gap length of 2.6 um and pole tips of 1.15 and 0.9 um respectively.

‘ l 1ipm

160t
140
120
100
80
60
40
20
0

O.Qum\*;l

72 +h <6 8
position (pm) ——o

-8 -6 -4 0

Fig. 2. Typical sensor output for head fringe measurements at a
head/transducer distance of 1.0 um, The solid curve is experi-
mental, while the dots represent computed results. in the
curve at | = 140 mA the thinnest Permalloy shield is saturated

(peak A).

Occasionally these calculations must include the field components in-
troduced by the transducer mirror image in the pole tips.

The relation between the writing current and the head field was found
to be linear up to 100 mA. However, a small hysteretic effect was
found indicating the presence of domains. At 100 mA saturation of
the thinnest poletip starts. The current dependence of the peak
amplitudes is illustrated in fig. 2. (Note that the response of the MRT
is quadratic.)

The structure of the head field has been analysed by comparing
the experimental numbers with the simulated results. The form of the
theoretical field was calculated by means of the method of van Lier
[5].

The curves were fitted by using the head efficiency as a parameter.
The agreement between theoretical and experimental curves is good
(cf. fig. 2).

TABLE 11
recording
w{um) wafer field 12 kHz 18 kHz
100 62 63 59 55
200 55 55 59 51
400 45 45 46 49
600 45 45 45 45

Head efficiency (in %) from different experiments.
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RECORDING EXPERIMENTS

Recording experiments on tape have been carried out with the
same heads as used in the field measurements.

The reproducing efficiency was measured on video tape
(Hc=55x103 A/m). A harmonic signal was recorded with a ferrite
head. The tape velocity was 19 cm/s and the recorded frequencies
were 12 kHz and 18 kHz respectively. These signals were reproduced
by means of the thin film heads. The detected levels were compared
with the signal from aconventional ferrite head with known efficiency.
The resulting efficiency n has a function of the trackwidth of the head
as been given in Table II. It is clear that all numbers in this table show
the same increase with decreasing trackwidth.

We tried to do writing experiments with the same heads,
although the low efficiency and the thin Permalloy yoke (saturation)
limited the head field. Therefore audio tape (H, =26x10° A/m) was
chosen. The written information was reproduced with a ferrite head.
Again the same track dependence was found: the non-linear behaviour
of the recording process even emphasised this effect.

The same recording experiments have been performed with type
11 heads (cf. Table I).

Indeed when w was varied between 50 um and 600 um the head effi-
ciency was constant both in the writing and reading measurements.

CALCULATIONS

A model has been developed for calculating the influence of w
on u,. To characterise the magnetic behaviour of the head material, we
consider it as an infinite strip with width w placed in an external mag-
netic field parallel to this strip (fig. 3). In the yoke of a thin film head,
flux circulates in such a way that the direction of the magnetisation in
the upper and lower shield are opposite to each other and are closed
through the air gap and by the magnetic material in the back of the
head. A small amount of the total flux will be closed outside the head
(head fringe field) but for all the heads we used it can be shown that
this flux js negligible compared with the total flux runningin the head.
Therefore the demagnetising field at the front of the head will be very
small.

If the easy axis of the magnetisation is perpendicular to the strip,
domains will occur with a period d depending on w [6].

The permeability is calculated by minimising the total mag
netic energy with respect to the rotation angle « and the geometry
of the closure domains e.g. £; (or £5). Three energy terms are con-
sidered: the anisotropy energy, the wall energy and the magnetic
field energy.

H

easy axis
—

2d

|

Fig. 3. Domain configurations as used in the calculations.
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For the total energy per unit length E’ we write:

E' = 52 (12,2 +2,2) cos a + (2wd — ;2 cos o« — 52 cos ) sin 2o

+ i’i‘i (22, sin? (45— ) + 28,sin? (46 + 5 + [w—z, sin (45 + 7)

212 + 222

3 cos a) X

M,Hd
- g sin(45- 51| cos?a + =4 [~ (wd~
sina—% 2,2 cosa + % 2,2 cosa] m

where t is the thickness of the films, K the uniaxial anisotropy con-
stant, v the wall energy of an 180° Bloch wall, M, the saturation mag-
netisation of the strip.

When applying a field H, the number of domains remains constant, i.e
we assume that this d is fixed:

a=V T = 2, cos(45 +5) + 2c0s(45 - ) 2

The energy thus depends on two variables, e.g. a and 24. For a stable
domain configuration the first derivations of E’ with respect to « and
£, should be zero. Solving a and £, from these equations is straight-
forward, therefore we shall not reproduce this here [7]. The results in
terms of M/M; as a function of H for different values of w are given in
fig. 4. In this model calculation the parameters were: Hg =400 A/m,
y=2x10"3 Jm~2, K=2 Jm~3 and the trackwidth varied between 40
pm and 100,000 um.

The relative permeability deduced from these curves increases with de-
creasing trackwidth, even in this simple model.

10 w=280 pm
..a_ w=0um /2100000 ym
S w=70pum
08}
a6}
o4t
o2}
. H
HK
02 04 06 08 10

Fig. 4. The almost linear relation between M and H. All points refer
to numerical results.
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CONCLUSIONS

In the theoretical analysis [2] of the magnetic behaviour of thin

film heads homogeneous magnetisation is assumed whereas the
relation between B and H is characterised by the material constant u,.
However, it is known that the NiFe yoke of the head is not uniformly
magnetised but is split up into domains. We have shown that never-
theless several experimental results can be described with u, as an
adjustable parameter. The permeability depends on the trackwidth of
the head, if the easy axis of the magnetisation is parallel to the turn
(fig. 1). From wafer testing experiments we conclude that the effi-
ciency of a narrow track head should increase with decreasing track-
width. Head fringe field measurements and tape recording experiments
are in agreement with this fact and have shown the reliability of wafer
test measurements,
The fringe field of the head is in agreement with the model calcula-
tions of Van Lier [5]. The dead layerin the Permalioy yoke, if present,
is within the experimental error of 0.1 um. The efficiency values of
the heads achieved in the several experiments are in reasonable agree-
ment with each other (Table 1), and the mode! calculation which
takes the domain structure into account, shows the same increase in
the u, with decreasing trackwidth.
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DIGITAL MAGNETIC RECORDING THEORY

*
Robert I. Potter

ABSTRACT

A brief review of digital magnetic recording
theory is given with emphasis on the analysis of fer-
rite, inductive thin film, and magnetoresistive heads.
The utility of several approaches is demonstrated by
three calculations: (1) resolution and signal ampli-
tude of a shielded magnetoresistive head, (2) readback
properties of a single sheet of permalloy with adjacent
current conductor, and (3) analysis of spurious pulses
generated by outside corners of ferrite heads. A dis-
cussion of high density digital recording is given,
and it is concluded that the magnetoresistive head
offers the greatest possible areal density of infor-
mation. This density is conservatively estimated to
be 1.6x10" flux reversals per cm? (108 per in2) at a
head-medium separation of 0.125um. Experimental data
in support of this conclusion are given.

I. INTRODUCTION

The technical goal of digital recording is to store
and reliably recover as many magnetization reversals or
"bits" per unit area of storage medium as possible.
This inherently nonlinear process is sometimes called
saturation magnetic recording because the record cur-
rent is switched from one extreme to the other in an
attempt to cause the remanent magnetization of the
storage medium throughout all or part of its depth to
do the same.

The purpose of this paper is threefold. The first
is to give a brief review of digital magnetic recording
theory with emphasis on methods of approach rather than
detailed results. A recent review of a more general
nature and from a somewhat different viewpoint is given
by Mallinson [1]. Magnetic recording models are con-
sidered in Section II and head field calculations in
Section III. The second is to illustrate several of
these methods by three examples: resolution of the
shielded magnetoresistive (MR) head (Section IV; see
that section for meaning of "shield" ), fringe field
and readback properties of a single sheet of permalloy
with adjacent conductor (Section V), and spurious pul-
ses generated by outside corners of ferrite heads
(Section VI).

The discussion of high density digital magnetic
recording in Section VII is the third purpose. The
focus is on the shielded MR head, which offers greater
areal density than either ferrite or thin metallic film
heads.

II. DIGITAL MAGNETIC RECORDING MODELS

The current state of digital recording theory is
schematically indicated in Fig. 1. The head fringing
field H is the backbone of all models. It is the means
by which the data are recorded and is useful in calcu-
lating the readback waveform e(x) via the principle of
reciprocity. When the head field per unit coil current
and the storage medium magnetization are known, then
the reciprocity principle provides the.formula [2]

- T Mmoo
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where x = vt is the location with respect to the head of
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Fig. 1. Schematic of the present state of magnetic

recording theory. Readback vgltage calculations with
storage medium magnetization M specified dominate the
literature (heavy outlines).

a coordinate system in the medium, W the track width,
d the head-medium separation, § the medium thickness,
and M the magnetization in the presence of the high
permeability read head, which causes a slight remag-
netization [3,4] from the demagnetized state. This
formula indicates that the isolated digital pulse is a
"smeared out" rendition of the appropriate head field
component and provides considerable insight into the
readback process. For example, if

-2M

M (x) = —r tan-l
X ﬂ

X -
3’ My =0 (2)
and § is negligibly small, then for any " the output

voltage is [5]
e(x) « M 8 H (x, d + a). (3)
r x

The most difficulg problem in magnetic recording
theory is determining M(r). There are basically two
ways to proceed. The functional form theories [6-13]
postulate the basic character of M but include one or
more adjustable parameters. The most popular and con-
venient choice for digital recording is

2M_ N n X-X M

r -1 n r N _
Mx = p Ei_l; tan 2 + 5 [(-1) +11, My = 0,
n= (4)
where x_ (n=1, 2, ... N) specifies the location of each

transition and a is a transition length parameter that
is chosen by fitting isolated pulses, by making demag-
netization arguments [14,15], or by considering [13]
both the demagnetizgng field and the maximum head field
gradient. Writing M as a sum of arctangents is equiva-
lent to superimposing isolated arctangent-magnetization
pulses.

An alternate approach is to Fourier transform the
essentially digital magnetization pattern, multiply by
the Wallace factors [6], and take the inverse transform.
Such an approach may be useful when additional wave-
length and/or frequency dependent factors are to be
considered.

Functional form theories are not capable of pre-
dicting the subtle yet important effects arising from
the recording process, such as the asymmetric shift of
two adjacent pulses when the isolated pulse is symmetri-
cal. Such phenomena require at least a dynamic
approach [16], dynamic in the sense that the relative
motion between head and medium is considered but not
in the sense that time derivatives in Maxwell's equa-
tions are included. The dynamic models follow the
magnetization at each point in the recording medium as
it passes by the record head.
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An additional and enormous complication to the
dynamic approach is due to the demagnetizing field,
which causes the magnetization and total field to be
related via

> > > >

M(x) = f(Ht(r)) (the "loops") (5a)
and
> > > > 1 V—ﬁ(;')(_};") >

- 1(x Jl e (ort) 2,
Ht(r) = I(x) Ha(r) 4n¢[ ';-;'13 dr (5b)

where I(x) is the write current waveform and ﬁa the
fringe field per unit current. _The solution of these
equations for some specified I(x) is the goal of this
dynamic, self-consistent approach, the details of which
are given elsewhere [4,23]. Several static self-con-
istent calculations, in which the stationary head is
energized [17-19], or energized and removed [20-22]
(two sets of convergent iterations) also have been
reported. The necessity of including the demagnetizing
field is shown in Fig. 2 where results from the Potter
and Schmulian [4] model for thin metallic media are
given with the demagnetizing field alternately present
and suppressed.
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Fig. 2. Comparison of self-consistently and non-self-

consistently computed magnetization transitions in thin
media using the Potter-Schmulian model. Here, the
image term in the demagnetizing field (and consequent-
ly head removal and replacement) is neglected for sim-
plicity. Squareness parameter M,/M =0.9, I(;()|max =
196.8 ma; see reference [4] for other details. Arc-
tangent transition with parameter a=1.13 pm is shown
dashed for comparison. Curves are displaced so that
M(0)=0.

The situation for thick media is not so clear,
because of the large y component of magnetization and
the y dependence of both components. The recorded
magnetization is quite complicated as the scaled-up
experimental results of Tjaden [23] indicate. A sat-
isfactory theoretical treatment of the recording pro-
cess in thick media has not yet been given.

There exists a third class of models [24,25] in
which it is assumed very localized magnetization tran-
sitions are written which subsequently broaden when
beyond the influence of the head. In one case [25]
each initial transition is assumed trapezoidal and then
the entire medium is allowed to demagnetize with the
final state computed by harmonic analysis. In these
models it is assumed that the proximity of the record
head reduces the demagnetizing field to a negligible
value, an assumption that the self-consistent calcu-~
lations (with separation parameter d comparable to gap
length) do not support [4].

III. HEAD FIELD CALCULATIONS

The objective of a head field calculation is to
determine the magnetic intensity surrounding a structure
that is usually topologically equivalent to a toroid
with a small gap, glvgn thp cgrrent density (the coil)

and the relatlonshlp M= - between head magneti-
zation M and total internal fleld He. ng elements of
X may be complex. The imaginary part of X (denoted by
Im{X}) has little effect on the spatial character of
the fringe field when head efficiency is in a useable
range [26,27), and the finite risetime caused by Im{?}
(or any other mechanism) has only slight effect on the
length of the recorded magnetization transition [4].
Moreover, for thin film heads Im{¥} is negligible.

The aspect ratio of most heads is such that two-
dimensional calculations in a plane normal to the track-
width direction suffice. Thin film heads are fabrica-
ted with the easy axis of magnetization normal to this
plane, and for_such heads as well as polycrystalline
ferrite heads i is isotropic within it. This reduction
in dimensionality is not possible, for example, when
treating the "side reading" problem, which requires
knowledge of at least one component of the head field
as a function of x, y, and z.

A thorough discussion of the mathematical approach-
es available for computing head fields is beyond the
scope of this paper. We discuss, therefore, only those
that seem particularly useful, and restrict the number
of dimensions to two.

Scalar Potential Specified

A magnetic scalar potential satisfying Laplace's
equation may be defined in simply-connected current-
free regions. This differential equation may be solved
numerically or analytically once the scalar potential
is specified on the boundary. The approach is most use-
ful when the permeability can be assumed infinite, for
then the pole-pieces become equipotentials with poten-
tial difference oI /g, where o is the head efficiency
(an ad hoc addition to the problem), Io the total cur-
rent, and g the gap length.

Karlquist's formula [28] is a famous example of
this approach. The approximation of Karlquist can be
stated several ways, but one of the more useful is:
Replace the actual head boundary by the plane y=0. On
this plane, let the potential be (with a=1 for simpli-
city) )

Io/(zq) (x < - g/2)
$(x,0) = (I,/9) x (-9/2 < x £ 9/2)
-Io/(2q) (g/2 < x) . (6)
The expression
I
_ _©o -1 x+g/2 _ -1 x-g/2
Hx(x,y) =g [tan ——;—— tan = ——] (7)

follows from these two assumptions via standard bound-
ary-value problem theory [29].

Karlquist's approximation is generalized to multi-
gap structures }n an obvious way. It is not necessary
to recalculate H from ¢ for these cases; simply sum
suitably displaced and weighted expressions of the Eqg.
(7) type. The technique works because potentials on a
common boundary (the plane y=o0) can be superimposed,
and works only within the spirit of the original
Karlquist approximation. The shielded magnetoresistive
head is treated in Section IV using this method.

Conformal transformations are useful for several
geometries. They can be used when current conductors
are present [5], and in principle even when the pole
pieces are not equipotentials. But the complexity of
the transformations is overwhelming for all but the
most idealized of structures.
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Current Density and Susceptibility Specified

Maxwell's equations must be solved numerically
when the head boundary cannot be simplified to the
point where analytic techniques are useful. Once this
threshold is crossed the goal should be a computer pro-
gram of maximum flexibility and usefulness. To this
end the integral form of the equations is probably more
suitable than the differential form. The problem super-
ficially resembles the self-consistent recording pro-
cess calculations described above, but with applied
field generated by the coil and with total field and
head magnetization related by M = x(H)H. The problem
is vastly easier, however, and for constant x is equi-
valent to a matrix diagonalization.

Suppose the head consists of N uniformly magne-
tized elementary volume elements, which need not be of
uniform size or _shape. Let the field %Etensity at the
center of the i~ element due to the j element be

H (1) =c (i,3) M (5) + ny(i,j) My(j) (8a)

Hy(i) ny(i,j) Mx(j) + ny(i,j) My(j) (8b)
where the C's are easily calculable analytic functions
of the vectors r, and r,, which are denoted by i and j
for brevity. They also-depend on the size, shape, and
orientation of the jt element, which may, for in-
stance, be square, rectangular, or triangular. They
need to be evaluated onlzhonce per calculation. The
field intensity at the i element is also

A § . a, .
H (i) = ” M (1) - H (1) (%a)
H (1) = =M (i) - H (i) (9b)
y X Y y
>
where H is the known field produced by the coil.
Therefore the problem is equivalent to solving the
matrix equation
L e
[C (1,1) - Xl ny(l,l) Cox (1,2 cxy(1.2) M (1) H (1)
1 a
|ny(l,l) [ny(l,l) - ;] ny(l,Z) ny(1,2) My(l) Hy(l)
1 a
€ (2:1) Coy@D) 16, 2,2) - 21 ¢, (2,2) M@ | = -{R@
1 a
Cyx (2:1) €y @1 € @:2) e 2,2) - 1 / " (2) B (2)

(10)
The field in a plane adjacent to the pole faces (or
elsewhere) is readily calculable from the 2N magneti-
zation components using the same functions C_, and C__.
When the field dependence of x is to be included an X
interative solution is required, but this, too, can be
done. The integral approach is flexible and can be
generalized in several ways. Some sample calculations
are given below.
IV. SHIELDED MAGNETORESISTIVE HEAD

The theory of the unshielded magnetoresistive
(MR) head is given by Hunt [30]. The geometry of the
shielded MR head is shown in Fig. 3. The purpose of
the shields is not to reduce electromagnetic interfer-
ence from external sources; rather, it is to shield the
MR stripe from the approaching transition until the
last possible moment and thereby increase the resolving
ability of the head. 1In this section, expressions for
the readback voltage of the shielded MR head are de-
rived for both sinusoidal and arctangent storage
medium magnetization.

Suppose the head material is highly permeable and
imagine an energized coil wound around the MR element
as shown in Fig. 3. The gap field near the shield

faces would be essentially constant and the magnetic
scalar potential would be as shown in that figure.

MR
XTRIPE

|t -
SHIELD <=~ g~ SHIELD
I,
g IMAGINARY
v I° colL
£
¢(x,0) d
¥
" ¢ :
A
STORAGE MEDIUM
Fig. 3. Cross-section of shielded magnetoresistive

head, showing coil that is imagined to exist for the
purpose of calculating flux entering MR stripe from
storage medium using reciprocity principle. Scalar
potential at y=0 that would exist were this coil ener-
gized is shown according to the generalized Karlquist
approximation (see text).

This is an example of the generalized Karlquist approx-
imation. If the imaginary coil is located on the cen-
ter of the MR element then the gap field is Hy = I, /2g
where I, is the total current. But if the coil is
fairly close to the shield faces and if the MR element
height L is great (L/g>>1) then H_approaches I /g.
The fringe field per unit current’is °
*

HoGoy) = Hie+ 5y cw - BE Ly an
where g is the separation bgtween stripe and shields, t
the stripe thickness, and H_ the Karlquist expression,
Eq. (7), with I =1. x

The flux entering the MR element from the storage
medium is equal to the flux through the coil wound
around its end and is calculable by reciprocity:

[ a+s
uow _o{dx af

- > - >
d(x) = dy M(x-x,y) * H(x,y). (12)

It is not necessary to perform these integrations be-
cause the flux is also obtainable from

* == ;{[*(‘+9—t§)- & - LY ax

$(x) = - f e (x 2 e (x ) X

-0

(13)

where e*(i) is the output voltage for the single-gap
inductive head. This latter approach saves some effort
provided e* is known. Although Eq. (13) can be inte-
grated for a wide variety of cases, we restrict our
attention to two of greatest interest.

Arctangent transition in thin medium. If

2Mr -1 x
Mx(x) = - = tan 3 MY =0 (14)
then the inductive-head output in MKS units is [10-12]
2u M S W - -
R e ¥ -l xtg/2 -1 x-g/2
e (x) = - pe [tan e tan i ]
(15)

and according to Eq.
element is

(13) the flux entering the MR
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- T X+g+t/2 x+t/2
$x) = da g (xAgtt/2, o xit/2
g d+a d+a
X-g-t/2, _ _ X-t/2
M reu B o e (16a)
where
£(x) = x tan ® x - % tn (1+x°). (16b)
Sinusoidally magnetized thick medium. If
M (x) = M_Cos 2% M =0 (17
x =R res N T )

* -
then e (x) is the Wallace expression [6]

-2m8/A

*o- v _=-2nd/A l-e sinmg/\ . 2mx
e (x) = Znqur6W % € 218 /A mg/A n
and (18)

=2m8 /A
%) = jn Tlo¥t) -2md/x 1-e © 77
¢ (x) ZuOMrWG sin py e ZTS/N
x ———Ls;;‘/; A gin —2;" . (19)

These expressions for ¢(§) are related to the out-
put signal as follows. The resistivity of ferromag-
netic alloys (e.g. permalloy) is anisotropic and de-
pends on the angle 6 between magnetization and current
density according to [31]

cosZO =p + Ap
o max max

M 2
[1 - D ] . (20)
s

where M_ is the saturation magnetization of the stripe
and y is measured in the stripe-~height direction, nor-
mal to the recording medium. This quadratic response
is usually linearized by applying a bias field so that
6 = /4 in the absence of a signal field. Then, and
also because within the stripe H << M,

$lyix) (21)

1
3 + = -
P (y) po 2 ADmax 2 Aomax qustW

where ¢ (y;x) is the signal flux within the stripe at a
vertical distance y from the face of the head when the
storage medium coordinate system is at x = Xx.

The flux within the stripe is not uniform because
of leakage to the shields. This aspect of the problem
can be treated via the one-dimensional "transmission
line" theory proposed by Paton [32] for thin film
heads. Let L be the vertical height of the stripe.
The boundary conditions are ¢(o;x)=¢(x) [Eq. (16) or
(19)] and ¢(L;x)=0. The characteristic length is

R = (tgur/2)l/2. When L/B < 1 the flux within the

stripe decreases from ¢(x) to zero in essentially
linear fashion, and the average flux is 1/2 ¢(x). The
expression for arbitrary L/B is easily derived but not
particularly useful since the criterion for maximum
output consistent with tractable fabrication is L/B=l.
When this condition is satisfied the shielded MR head
output signal is

e(x) = IOAR(;c) = JW <Ap(y;>-c)>av

~ -JW Aomax M__ (22)
V2 u M tw
o's
where J is the stripe current density and ¢(x) is the
flux entering the stripe, Eq. (16) or (19) as appro-
priate. The ratio v2 ¢max/qustw could be as high

as one-quarter without causing serious distortion of
digital pulses, because the resistivity of real films
does not abruptly approach p as predicted by Eg. (20)
and because the magnetic bias point could be adjusted
for optimum symmetry of positive and negative pulses.
Moreover, only the stripe edge nearest the storage med-
ium experiences large signal fields. When this crite-
rion is satisfied the peak-to-peak amplitude of isola-
ted digital pulses is

1 . :
epp =7 JW Apmax = 90 volts per meter track width (23)

assuming J = 5x1010 A/m2 and Apmax = 7x10-—9 Q-m for-

o
200A thick 81 Ni - 19 Fe permalloy [33]. Reliability
tests [34] indicate that provided oxidation does not
occur the mean time to failure for 200R films at 85°C

and J §_10ll A/m2 is of order 103 years.

The resolving ability of the shielded MR head is
perhaps best indicated by Egs. (22) and (19). In addi-
tion to the Wallace separation, thickness, and gap-
length loss factors, Eq. (19) contains sin([m(g+t)/A] in
place of v/A. This is an additional geometry-dependent
loss factor that is peculiar to the two-gap head.

Aside from this difference, the wavelength dependence
of the shielded MR head is indistinguishable from that
of the standard inductive head. In particular, the
first gap null occurs when Axg and effective gap-length
is roughly one-half the shield-to-shield spacing since
t is negligibly small (v 200R).

It also is apparent from Eq. (16) that the shapes
of the isolated pulse from the shielded MR and induc-
tive heads are nearly the same, and that they become
identical in the limit as g and t approach zero. The
point need not be labored because the readback process
is linear and thus whatever conclusions are drawn from
the sine wave approach are also valid in the realm of
digital recording and vice versa.

The output amplitude of the MR head is velocity
independent but not frequency independent if velocity
is held constant. The output depends on wavelength as
it must because the source of the signal is the diver-
gence of the storage medium magnetization. The ampli-
tude is also limited by saturation and, unlike for
inductive heads this must be considered in choosing the
recording medium. The flux available, 2u°M SW, some-
times is more than sufficient to saturate the MR stripe,
even after accounting for readback losses and especially
when thin high-moment storage media are considered.
This allows a reduction in M_§ that is beneficial to
the linear storage-density capacity of the medium and
also guarantees that the condition /Ebmax/“ M tw=0.25
can be met. In fact, this condition (with possibly an
adjustment in the numerical value) provides the design
criterion for the storage medium Mrd product. For
example, if g = d = 0.5 ym and a = 1.13 um then with
the aid of Eq. (16) the relationship MrG = 0.9 Mst is

*

obtaineg. Further, if M_ =M _ = 800 EMU/cm and
t = 200A, then an appropriate storage medium thickness
would be about 180A.

V. PERMALLOY SHEET WITH ADJACENT CONDUCTOR

The example in this section is chosen to demon-
strate the integral approach to head field calculations
and the saving in labor and insight afforded by the
principle of reciprocity. The structure can be inter-
preted as a single-turn thin-film head without the
second permalloy layer. The objective is to calculate
the response of this structure to a step transition in
a thin medium separated by d = 0.5 um (or an arctangent

* This is not a precise argument because a is-depen-
dent on M§. Choice a=1.13 um is discussed in Section
VII.
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transition with d+a = 0.5 um), and to compare it to

the response of the completed head. The structure and

surrounding field is shown in Fig. 4 with the conductor
energized (left) and with an isolated transition as the
field source (right).

A direct calculation of the readback signal would
require a large number of computations with different
values of the transition location x. For each compu-
tation, the flux linking the single-turn coil would
have to be computed, taking into consideration the
finite extent of the conductor. The formula for the
signal voltage is

- 3 2 - Y -

e(x)=uovw .a—:{-! dy Hx(y,x)~ b}_a dy[ dy* Hx(y',x)}
X a

(24)
where Hx is the field component (Fig. 4, right) perpen-
dicular to the center plane of the coil located between
y=a and y=b. This formula is derivable from the inte-

gral form of Faraday's law assuming (b-a)/W<<Ll.
The reciprocity principle gives

e(x) = 2u vWEM _ H (x,-d) (25)

where 26M_ is the strength of the transition and H_ is
the horizontal field component per unit current at
y=-d (Fig. 4, left). This is compared with the signal
from the completed head in Fig. 5. The signal from
the completed head is slightly asymmetrical because the
second permalloy layer bulges over the conductor.
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Fig. 4. Permalloy sheet with adjacent conductor, or
single-turn film head with second permalloy layer omit-
ted. Left: field intensity with conductor energized.
Right: field intensity with storage medium as source.
Arrow length is proportional to Co + 1n(1+H) where CO
is a convenient constant.

VI. SPURIOUS PULSE GENERATED BY OUTSIDE CORNER OF
READBACK HEAD

The problem considered in this section is the
spurious readback pulse generated as an isolated mag-
netic transition passes under the sharp outside corner
of a ferrite head. Conceptually, the problem is no
different from that presented by the finite pole-tip
length head [5,35,36] provided head permeability is

51T T T T T T T T T T
@ 7N
S i\
= ar lyl=05um I COMPLETE HEAD .
- IO= 1A [
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Fig. 5. Horizontal field component for permalloy sheet
and conductor (solid curve) and complete head (dashed
curve). Output voltage for arctangent transition in
thin medium with d+a = 0.5 pm is proportional to these
curves.

assumed infinite. The approach is to calculate the
fringe field, where here the term is used in the broad-
er sense to mean the entire magnetic field beneath the
pole-pieces. According to the reciprocity principle
all readback characteristics, including the spurious
pulses, are calculable from this field.

We are concerned here with a secondary effect that
takes place on the order of 102 gap lengths away from
the readback gap. The infinite permeability approxi-
mation is questionable in this case, and coil location
is important. The problem is best attacked from a
numerical approach using the method described in
Section III.

The problem is difficult from a numerical view-
point because of the great disparity in distances: the
magnetic field is needed at a distance of only a frac-
tion of a micron from an object " 103 microns in length.
The volume element size must be small compared to dis-
tances over which the magnetization appreciably changes;
clearly, the number of volume elements can be held to a
reasonable number only by employing a non-uniform grid.
The geometry of the head and the grid chosen is shown

in Fig. 6. Four of the major volume elements are
i
lZ_Bp.m
N S S N N S
—+ f—25um
o 1I152um ——f

Fig. 6. Cross-section of ferrite head and coil, show-
ing coarse grid and four major volume elements (cross-
hatched) that are further subdivided in the manner indi-
cated at lower left. Gap geometry is indicated at
upper left.
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further subdivided so that the smallest one is only
0.25 ym x 0.25 ym. At a distance of 0.5 um this tech-
nique gives a meaningful sensitivity function near the
gap and outside corners only, but the total number of
elementary volumes is a modest 246.

The field near the gap and right outside corner
is shown on an expanded scale in Figs. 7 and 8. The
extremal values of the horizonal field component for
I =1 ampere and p_=1000 are -7 Oe near the left corner,
1156 Oe near the gap, and -42 Oe near the right corner.
The spurious pulse associated with the left corner is
negligible due to coil location. The pulse associated
with the right corner is highly asymmetric and, for a
thin, high-resolution recording medium, about 3% of the
amplitude of the main pulse.

1200 T T T T T

,u.r=lOOO
Io =1A -
lyl=0.5um

800

400

HORIZONTAL FIELD COMPONENT Hy(x,y) (Oe)

f—— GAP —+|

0 | 1 1 | 1
764 765 766 767 768 769 770
DISTANCE x (um)
Fig. 7. Horizontal field component in vicinity of

ferrite-head gap. Horizontal distance x is measured
from left outside corner; left pole-tip length is
765.5 um.
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z £ 20~
@
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°g |
[e
o
o
J
w
W _q0+
| ~RIGHT OUTSIDE CORNER
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Fig. 8. Horizontal field component near right outside

corner of ferrite head. Horizontal and vertical scales
are different from those of Fig. 7.

VII. HIGH DENSITY DIGITAL RECORDING

A continuum, classical, electromagnetic theory
predicts no limit to the achievable linear density
since the equations involved scale. If track width
and intrinsic material properties such as Mr and Hc

are fixed while all remaining distances and drive cur-
rents are reduced by a factor B, then signal amplitudes
remain fixed and linear density increases by the factor
1/8. The practical limitation is the head-medium sep-
aration d.

An estimate of maximum linear density, which we
define as the -6 dB point on the all-ones roll-off
curve, can be made with the arctangent model when 4 is
specified. The transition length parameter, a, is
chosen so that the pulse half-width, P o’ agrees with
the self-consistently computed [4] hal%—width' a=1.13um
if d=0.5um, g =lum, and 8M_=0.lumx 800 EMU/cm  where 9,
is the write gap length. caling then provides the
relationship a=2.26 d. The pulse half-width for thin
media is [10]

2 2
P50 =,/ + 4(d+a)” .

Now g can be made negligibly small, but with head effi-
ciency in mind and for the sake of simplicity, let g=d.
The pulse shape is nearly Lorentzian in this case and

D_6 = 1.39/P50, a result [37] that is exact when g=6=0.

(26)

Linear density as a function of head-medium separation,
which is limited by surface roughness, is then given
by the simple expression

- 13,900 _ 2107 flux reversals
® avitaae2.26° 9 en

D , (27)

where d is in microns.

Track density is determined by the minimum toler-
able signal-to-noise ratio and the mechanical consider-
ations of finding and following the track. A long,
imprecise, and possibly (depending on what the mechani-
cal limiations are) irrelevant argument is avoided by
assuming the signal must be at least 500 pV peak to
peak at low density [38]. This criterion implies that
for the MR head W=6 um, using Eq. (23). At this track
width the particulate or granular nature of the storage
medium is not a fundamental problem [l]. There are,
however, other sources of noise that deserve consider-
ation for very narrow thin film inductive or magneto-
resistive heads. They are the switching characteristics
(Barkhausen noise) of the films, and thermal noise [39]
in MR heads caused by frictional heating upon contact
with storage medium asperities.

The MR head has a clear track width advantage over
inductive heads. The ratio of MR head to inductive
head output,_from Egs. (18), (19), and (22) with
UM =1Wm, sin[m(g+t)/A] = mg/XA and assuming unity
inductive-head efficiency, is

e J Ap
MR - l_ % Nvmax. ~ 10 (28)
€ind. V2

where J=Sx10lO A/m2 is the assumed current density;

Ap = 7x10_9 Q-m, g/t is assumed 20, N is the number
ofmigductive—head turns and v the velocity. For a

wide variety of cases Nv = 500 meter-turns/sec. [40]
Moreover, the resolving ability of the shielded MR head
is high. It is intermediate to that of the ferrite
head (p/g>>1) and thin film head (p/g=1) when the gap
length of the inductive heads is equal to the shield-
to-shield spacing. Head efficiency calculations indi-
cate that a shielded MR head with narrow effective gap-
length is easier to make than a narrow-gap inductive
head.

We conclude that due to high output and high reso-
lution the shielded MR head offers the highest areal
density in digital magnetic recording on thin media.

It is capable of resolving 4000, 8000, and 16,000 flux
reversals per cm at head-medium separations of 0.5,
0.25, and 0.125 um, respectively, with remaining para-
meters as given in Table I. Adequate signals are
obtainable with 6 pm track width. The areal density
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Table 1I. Shielded MR head linear density predictions
5(A) Gm atGm) oGm0 (fr/cm)

d(um) g, (1m a“(u g, (u 6

0.5 1000 1 1.13 1 4,076

0.25 500 0.5 0.57 0.5 8,153

0.125 250 0.25 0.28 0.25 16,305

%Based on Mr=800 EMU/cc, Hc=300 Oe, with arctangent parameter
fit to the results of Potter and Schmulian [ref. (4)]
bShield-to—shield separation = Zgr
2 2.-1/2
®Based on D_6=l.39 [gr + 4(d+a)”) /

corresponding to tracks centered on 10 um intervals

and to 0.125 um head-medium separation_ is 1.6x10 flux

reversals per square centimeter, or 10 reversals per
square inch.

In support of these conclusions experimental roll-

off curves for an MR head with 1 um shield-to-shield
spacing are given in Fig. 9. The Mré product of the

thin disc is l.9x10-3 EMU/cmz, and the coercive force

480 Oe. The -6 dB point is 7200 fr/cm at d=0.3um.
Peak-to-peak isolated pulse output amplitude for this
particular head and storage medium combination is 34
volti6mete5 at an estimated current density of

6x10 A/m" .
o T T | R
\.\.
- 3 -
@
2
w
o
2
e e | d ’0.375’1."1
a
=
L= ¢
-9
] | 1 | 1 i
2 3 4 5 6 7
DENSITY (kilotransitions/cm)
Fig. 9. Normalized amplitude of "all-ones" pulses

versus density for shielded MR head and thin-film disc

combination with 2 different head-disc separations.
Oscilloscope photo of isolated pulse is shown in
insert.
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AN INTEGRATED MAGNETORESISTIVE READ,

INDUCTIVE WRITE HIGH DENSITY RECORDING HEAD

C. H. Bajorek, S. Krongelb, L. T. Romankiw and D. A. Thompson
IBM, Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

The design, fabrication and performance of an ex-
perimental thin film recording head is described which
has 25 ym and 125 um track width magnetoresistive (MR) -
read elements combined with a single turn thin film in-
ductive write head. The MR read elements are shielded
to provide high linear resolution with an equivalent
read gap of 1/2 um and are internally biased by means o
a permanent magnet film in the gap. The best head per-
formance with a 0.5 pm air bearing on a high performanc
disk was: write current of 400 mA peak, isolated pulse
readback signal of 40 mV peak per mm of track width at
10 mA sense current, with a 6 db density of 440 flux
changes per mm (11 kfci).

INTRODUCTION

A substantial increase in storage density in mag-
netic recording systems is likely to require transducer:
with dimensions smaller than can be easily achieved witt
conventional recording heads. One alternative has been
the thin film inductive head.!

A readback transducer using a magnetoresistive (MR)
element 1is a thin film structure, is planar and can be
integrated with a thin film inductive write head. The
MR transducer has a significant track width advantage
over inductive heads, since it can produce signals far
larger than those of equivalent heads.2’3

We have therefore developed an experimental record-
ing head consisting of a one turn inductive write head
built directly on top of a shielded MR head. Novel fea-
tures in the integrated transducer are the internal bias
ing of the magnetoresistor about its linear operating
point by means of a permanent magnet film in the gap, th
use of one magnetic layer for both a write pole tip and
magnetoresistive shielding member, and a stepped conduc-
tor to improve the write head efficiency.

DESIGN CRITERIA

A schematic crossection of the integrated head is
shown in Figure 1. It consists of a one turn vertical
thin film inductive head directly on top of a vertical
shielded MR head. The center shield is shared by both
transducers.
ducers have been described before.!™®
design features novel to this structure:
magnetoresistive element and
conductor. The latter allows for a narrow write gap g
with lower write current density and power dissipation?

BIASED MR ELEMENT
SEE (b) FOR DETAILS

Biasing the
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Fig. 1. Schematic Crossections of: (a) Integrated
Head and (b) Biased MR film sandwich (L1 2.3 > > g, r).

M/VZ

E4
x

1177777/ //7777
/////SUBSTRATE/ / /

~—t

(1111177777 /7///177

i/

H

— t
—t= t~+—S

(b)

~—t

S

Several design requirements for both trans-
We discuss only tl the write head.

The desirability of biasing an MR element, to max-
imize its sensitivity and linearize its response, has
been described by Hunt" and others®’®’® for unshielded
MR heads. For any high resolution application magnetic

_shields are required on both sides or the MR element;

however these will also shield any fields originating
from sources external to the heads. Thus a bias field
source is required inside the shield structure.

We chose to implement internal biasing by using a
permanent magnetic film.? Such a film in close flux coupl-
ing relationship (t << L., g ) with a highly permeable
(Permalloy MR) film will transfer most of its flux into
the latter. In the simplest case where the track width
(not shown in Fig. 1) is far larger than L, and the per-
manent magnet film is saturated transverse to the stripe,
proper biasing of the magnetoresistor requires that

tM v tsMs//Z R
and t_ and and M_ represent the permanent
magnet ¥ilm and Perma loy fifm thickness and saturation
magnetization respectively. Satisfying Eq. 1 insures
that the Permalloy film is magnetized at 45° to the
stripe direction, corresponding to the inflection point
of its magnetoresistance vs. vertical flux response.

The composite sensor and bias film stripe can be
defined by one photolithographic step, a processing advan-
tage. The bias field is independent of changes in Ll,
making the biasing condition rather insensitive to wear.
The bias may be adjusted by providing excess hard film
thickness and magnetizing it at an angle off the vertical.
In the case of devices with small width to height aspect
ratio (track width % L.) magnetizing the hard film at 45°
to the vertical heag direction can provide both vertical
and horizontal bias fields and prevent the closure domains
responsible for Barkhausen noise.?’®

The success of this biasing scheme depends on
several other considerations such as electrical insula-
tion, exchange coupling and preventing degradation of the
coercivity of the Permalloy sense film as detailed in
Refs. 3 and 9. Consideration of the field strengths ex-
pected from typical media as well as the stray field from
the adjacent write head requires that the coercivity of
the permanent magnet film be well in excess of 4 x 10"
A/m (500 Oe) to avoid its demagnetization. The MR ele-
ment could also be directly integrated into the gap of
However, the coercivity of the permanent
film would have to be well in excess of 2 x 10° A/m

(1)

where t

provision of a stepped writ¢ (2500 Oe) to prevent its demagnetization during writing.

A feature of this read structure is that the gias—sensor
fiim sandwich is considerably thinner (1,400 A) than the
other film thicknesses, resulting in a minimal step in

the interhead region, and providing an adequate surface
for subsequent fabrication of the inductive write yoke.

Write head design is dominated, not by the linear
efficiency arguments of Paton,’ but by more stringent
requirements due to head saturation during writing.

The design is suitable for fabrication over thickness
ratios of at least a factor of two thicker or thinner,
and for various media and flying heights, but is cen-
tered on 2 um pole tips, a 1 um gap, and a write field
requirement of about 10° A/m (1900 Oe) in the medium.
This is because twice H_ 1is required at the highest den-
sity to overcome the deﬁagnetizing field and switching
threshold of a perfectly square loop medium. For parti-
culate media in the 30,000 to 50,000 A/m (400 to 600 Oe)
range, with ordinary squareness ratios, this leads to
the stated write field corresponding to a field in the
internal gap of about 2.4 10° A/m (3000 Oe).

Copper and pure gold are good conductors, but too
soft for satisfactory lapping and wear. The hard gold
used for the gap has about the same resistivity as Per-

Reprinted with permission from 20th Annu. AIP Conf. Proc., no. 24, 1974, pp. 548-549.
Copyright © 1974 American Institute of Physics.
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malloy. Hence, nearly all the current in a simple head
of uniform crossection would flow in the Permalloy,
where its average efficiency is less than 50%. The
thick soft gold conductor in the head provides a more
magnetically efficient current flow. Saturation near the
back of the yoke then limits the allowable pole tip
length L, to 5Sum for the required mmf at the pole tips
of 240 m%-turns at a current of about 400 mA.

FABRICATION

The fabrication process uses sputter etching to
define the MR stripe, electroplating through photoresist
masks to form the conductors, and electroplating followed
by chemical etching to make the Permalloy shields. De-
tails and critical aspects of the individual process step
have already been given!?’11,

Shield 1 is a 1 to 2 um layer of electroplated Perm-
alloy. The plating base consists of 100 & cf Ti followed
by 1000 A of Permalloy evaporated on a thermally oxidized
Si substrate. As an alternative, a polished ferrite slab
may serve as both substrate and shield. The biasing and
MR layers are deposited on a sputtered 2000 A Si0; film
which forms the first half of the i The permanent
magnet film is a composite of 250 of a-Fe03 exchange
coupled to a layer of 150 to 200 & of Permalloy resulting
in a combined coercivity greater than 180 Oe. Single
layer films with even higher coercivities will be repor-
ted elsewhere.’ The a-Fe;03 film is formed first either
by oxidizing an evaporated 150 & Fe film in air (at 300°C
for 15 minutes) or by reactively sputtering the Fe (at
200°C) in the presence of (10 u) 0. The exchange coup-
led Permalloy film, a 1000 R separating layer of Schott
glass and a 200 A Permalloy MR film are then sequentially
evaporated at 250°C.

The blanket MR film serves as a base for electro-
plating 2500 A Au leads through a photoresist mask'®.
Sputter etching is then used to remove the unwanted de-
posits down to the SiO; as described im Ref. 10 with a
photoresist mask designed to protect the gold leads as
well as the sensor. The chemically non-selective sputter
etch process is particularly advantageous for etching
the multilayer structure.

A second layer of 3500 A of sputtered SiO, completes
the read gap resulting in 2 g 7500 A. The second SiO:
layer is etched to expose the MR leads for their full
length to within about 0.1 mm of the sensor stripe. Thus
subsequent metallizations used in fabricating the write
head will deposit on the leads to increase their conduct-
tance. The openings in the Si0; are narrower than the
leads so that some Si0O; overlaps their edges as protec-
tion from subsequent etching steps.

The 2 um shared shield is deposited over the read
structure in the same manner as the first shield. The
gold write conductor is now electroplated through a
photoresist mask in a two stage process. The resist is
first opened only in the throat and 2 pm of high conduct-
ivity gold (Selrex BDT-510) are plated. The gap and
throat are both open during the second stage so that this
plating defines the gap thickness of 1 um and provides an
additional 1 um of conductor in the throat. A hard gold
(Aurall 214, Knoop hardness 250 to 300) is used in the
gap; the stepped structure compensates for the low con-
ductivity inherent in this hard gold. If a positive
resist is used for the first stage and plating done under
safe-light conditions, the second plate-thru mask can be
obtained by simply reexposing the first resist through a
second photo mask. The outer shield is completed by
electroplating 2 um of Permalloy over the entire structure
followed by a 2 hour, 200°C stabilization treatment.

The shlelds are completed by spray etching in fer-
ric chloride! The resist mask protects both the shield
and the leads so that the plated Permalloy will remain as
part of the leads. The gold conductors must not be ex-
posed during etching, since electrochemical couples would
cause severe undercut and uncontrollable etching. An
oversize etch mask ensures that the Permalloy in the final
structure overlaps the gold on either side and encapsu-

lates it. Etching is not critical since the front of
the head will be defined by lapping after the head is
mounted. The completed structdre is shown in Figs.

(b)
Transducer area with 25 and 175 um read -
track widths under a 375 um wide write head and (b)

(a)

s Fig. 2. (a)

overall planar view with contact pads.

Ferrite substrate
and shield I.

SEM micrograph of lapped read/write yoke
crossection (3000 X).

After dicing the processed substrate into individual
elements, a layer of glass was epoxy bonded over the
active portion of the head and the chip was then mounted
on the end of an air bearing slider. The lower surface
of the chip-slider assembly was lapped to a distance L
of 7 um below the top edge of the MR stripe, with corres-
ponding L2 of about 5 um and L3 of 40 pym.

EXPERIMENTAL RESULTS

Fig. 3.

The transducer was tested with a conventional high
performance particulate disk with a coercive force of
approximately 480 Oe. The write current required was
400 mA peak and an isolated pulse readback signal of
approximately 40 mV peak per mm of track width with a
10 mA sense current was achieved. The 6db resolution
density was 440 flux changes per mm (11 kfci) at a 0.5
Um air bearing. Additional resolution data and a rep-
resentative isolated transition pulse are found in Ref.2.
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Thin film recording head efficiency and noise

Gordon F. Hughes®
Seagate Technology, Scotts Valley, California 95066

(Received 30 August 1982; accepted for publication 29 March 1983)

Analytic formulas for thin film recording head efficiency and thermal noise are presented. Paton’s
transmission line model is replaced by two-dimensional eddy currents in four regions: the coil
region, the gap region, and two permeable pole regions. Predicted efficiencies are lower, and close
to actual thin film heads. Basically, a four-region solution is needed because the gap region is a
reluctive load on the coil region’s pole reluctance, which lowers the predicted efficiency
substantially below that of the unloaded Paton two region (coil and pole) transmission line. Paton
efficiency formulas seem to often predict either too high an efficiency, or too low a permeability.
For typical head dimensions, the four region efficiency formulas reduces to hand calculator
simplicity. Eddy currents in the drive coils and conductive (permalloy) poles can cause the
impedance phase angle 6 of these heads to hover closer to 45° than to a purely inductive 90° (eddy
currents in a permeable, plane slab have 45° average phase angle). Such eddy currents can give an
unusual impedance Z ( f), and can raise the real part of the head impedance (| Z |cos 6 ) an order of
magnitude higher than the dc resistance, and thereby similarly raise the mean-square thermal
noise from the head. Magnetic field formulas from the four-region eddy current equations are
used to calculate this impedance and the excess noise factor.

PACS numbers: 85.70.Kh, 89.80. + h

INTRODUCTION

Figure 1 shows the simplest thin film head geometry
giving accurate efficiency predictions. Region “0” repre-
sents the write-read conductor(s) of permeability z,, skin
depth 8, length A, and thickness 2g,. It does not appear to
be necessary to model the individual conductors to get satis-
factory efficiency formulas (as was done in the computer
models of Jones,! Yeh,? and Katz®). Regions “2” and “3”
are the pole layers, of thickness p. The model can easily be
extended to allow different p values for regions “2” and “3”".
Region “1” is the (insulating) gap or throat area, of zero
conductivity, permeability r,, length 4, and thickness 2g,.
Paton’s two-region head* corresponds to regions “0” and
6‘2.”

Such a four-region head can be analyzed by a loaded
two-transmission line model with mismatched impedances,
as suggested by Thompson.® Miura® also uses a four-region
model, based on Thompson.®

However, the eddy currents can substantially modify
the head impedance, and so this paper will solve the full two-
dimensional Maxwell equations, allowing eddy currents in
all regions. Because of the presence of currents in the field
regions, the vector potential form of the Maxwell equations
will be used. For efficiency calculations and typical head
dimensions, the equations can be simplified. If eddy currents
are negligible, and the pole layers are sufficiently thin and
close to each other, then the method is equivalent to a loaded
two-transmission line model.

MATHEMATICS

All currents are in the z direction (perpendicular to the
plane of Fig. 1), so the four vector potentials 4, 4, 4,, A4

* Formerly with the Xerox Palo Alto Research Center.

will represent z components. In Fig. 1, it simplifies the final
formulas if we use two x coordinates: x, in regions “0”’ and
“2,” x,inregions “1” and “3.” Only one y coordinate is used,
measured from the head center symmetry plane.

Now, the Maxwell eddy current equation for a region is
[Stoll,” Eq. (1.16)]

V24, (x.p,t)

= — ) (xpit) = poOA, (ki VOt —pd (1), (1)
where u is the permeability; the drive current is
J,(t)=odV,(t)/dz, ()

and V, is the scalar potential, which is the applied voltage
across the head (driving function) in the z direction. Only
region “0” has an applied voltage and therefore a nonzero
J,. It is not a function of (x,p) but the total J, will be. Equa-
tion (1) expresses the fact that the electric field is the gradient
of the scalar potential (driving function) plus the time deriva-
tive of the vector potential (induced eddy currents).

We assume that J, is implicitly a steady-state sinusoidal
driving function, viz., that the actual drive or writing current
isJ, e’ (w being the write or read frequency). Then all fields
B,;, B,;, and vector potentials 4, are complex amplitudes

u,T sn
%
N
%_’xo “Q” 290 “3,,
HO» T “ ”»
xo_ho—b—X1 h1—>

FIG. 1. Thin film head geometry and symbols.

Reprinted with permission from J. Appl. Phys., vol. 54, no. 7, pp. 4168-4173, July 1983.
Copyright © 1983 American Institute of Physics.
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times e’’, where i = 0,1,2,3 is the region number. So Eq. (1)

for the four regions is

(coil region), (3)

(gap region),  (4)
V24,(x,y) = a?A,(x0,p) (poles over coail), (5)
V24,(x,,y) = a’45(x,,p) (poles over gap), (6)

where the (complex) propagation constants are defined by

V2 Ay(x0p) = agAgXoy) — o Ja
V24,(x,,y) =0

ag = jopeoo (7)

ay = (1+j)/6o, (8)

a? =jwuo, (9)

a=(1+j)/b. (10)
Skin depths 8, and & are defined by

8o = (0e0o/2)~""*  (coil conductor), (11)

8 = (wpo/2)~"? (pole regions). (12)

Note that unsubscripted parameters u,o,a,6 refer to the
head pole material, regions “2”” and “3.” Boundary condi-
tions for solving Egs. (3)—(6) will be first stated, and then
discussed [below Eq. (22)]. First, the y field is zero at the back
coil flux closure:

B, (0,0)=0. (13)

Next, normal and tangential field components match across
the boundaries “0”—2” and “1”-3":

OAo(X0:80)/Ixy = FA(X0:80)/ X0, 0<xy<hy, (14)
HOAX0:80)/ 0y = 1004 2(X0:80)/ Y,  0<xo< o, (15)
9A,(x,,8,)/9x, = 3A(x,,8,)/9x, 0<x,<hy,  (16)
HOA |(x1,8,)/ Iy = po0As(x1,8,)/dy  0<x,<h,. (17)

At the coil-gap pole discontinuity “2”—“3” equate the flux
P,, out of “2” with @, into “3”

D, = Ax(ho,go + P) — A2(ho,8o)

=Py (18)
=A4;(0.8, +p) — 45(0.8)), (19)
and match the mmf between the poles:
8o 81
[* Halboiar =" 050 (20)
— 8o — &

§o = || H,0 (h0,0)/(o/280)I»

|| 480 81Kk, p. tanh(koho)||

Gordon F. Hughes

Next, require that the exterior flux leaving the head be small,
except at the recording gap. Namely, assume that exterior
air-path reluctances are large compared to circuit reluc-
tances within the head. This requirement will be met if the
fields normal to the exterior pole faces are zero; and this can
be done by requiring that the vector potential be zero on
these surfaces.

Finally, match the fringing flux out of the pole tips with
the air reluctance R:

R = [f ‘ Hyl(hl’y)dy]/[AJ(hl,gl +p) —A45h,81)]. (21)

Yeh? [Eq. (10] gives an approximation for R based on as-
sumed semicircular fringing flux paths from pole to pole.
However, it is shown in the Appendix that we can calculate
fringing flux by vector potential differences in Elabd’s nar-
row pole tip head conformal transformation,® and get an
exact, but still reasonably simple fringing reluctance for-
mula:

R=n/In[1+(p/g))(1 +V1+(p/28)]. (22)
Reluctances calculated from Eq. (22) are less than half the
semicircular flux assumption formula, for typical head di-
mensions. However, typical thin film heads are so lightly
loaded by the fringing flux (see appendix) that it will be ig-
nored (as Paton originally did). For substrate test heads’
where the pole tips are closed, we will assume zero reluc-
tance.

There is a certain amount of arbitrariness in choosing
the precise boundary conditions to impose (and there is arbi-
trariness in choosing the details of the four-region geometry
in Fig. 1). A considerable number of alternate models and
boundary conditions were tried, and the ones presented here
are the simplest set that give accurate efficiency predictions
for thin film heads useful in present recording systems. It is
felt that they are physically plausible also.

Solution of Egs. (3)—(6) based on Egs. (13)-(20) is de-
tailed in the Appendix. The resulting overall efficiency is
& = &,&,, where &, is the efficiency of the coil region “0”:

(23)

In general, k, and k, are complex numbers, so Eq. (23) is an
absolute value or modulus of a complex efficiency which
includes the phase information.

The gap region efficiency &, is

&, = ||Hy, (h,0)/H,; (0,0)|| = ||1/cosh(k,h,)||. (24)
In Egs. (23)—(24), the wavenumbers k, and k, are implicitly
defined by five equations in five unknowns Aq,4,,43,k0,K;:

M (Ao/Ar)tan(d, goltan(d, p) = 1, (25)

u,(ki/Aj)tan(k, g,)tan(d; p) = 1, (26)

lho g1k + ko 8oko tanh(Koho)tanh(k /) + ag 8o &1(k1/kolp. tanh(ko/io)||- .
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r
ki—Al—ai =k} —A3—a*=k? —12 —a’>=0.(27)
Here, the relative permeability 1, = u/u, and the effective

pole tip thickness p, is defined to be p, = tanh(ap)/a. For
comparison, the Paton efficiency of region 0 is [Paton,* Eq.

(17)]

£, = llpgoks tanhikohl]
’ llkoho — a; 1 p go tanh(kohy)|

(28)

To get a Paton efficiency for a two region head, we will mul-
tiply the individual region Paton efficiencies £, and &, [Eqs.
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(28) and (24)]. It is admitted that there is no reason to believe
that correct efficiencies will be obtained in this manner, be-
cause Paton’s model was derived for a uniform gapped head.
However, many workers in the recording community do use
the Paton formula in just this way, for lack of a simple (non-
computer) formula that would apply better. Notation similar
to Paton has been used for ease in comparison (observe that
kok, will be numerically different because of the extended
physical model used here).

Equations (25)—(27) can be solved in two or three New-
ton-Raphson iterations (e.g., by complex variable Fortran
programming) (NBS,'® Sec. 3.9.5). Iterate Eq. (25) to get a
new Ao, and get a new A, from A3 equals 4§ + aj — .
Iterate Eq. (26) to get a new k,, and get a new A, from A }
equals k3 — a’.

For typical head dimensions, it will be shown that the
magnitude of the complex numbers ||k, gol|, |5, &1, [l2o &ol|
are all €1. Then Egs. (25)-(27) simplify to “Paton Length”
formulas:

A5 =1/1n8p, (29)
ki=1/ug p, (30)
k§=ad + 1/ugp. (31)

In the general case Egs. (29) and (30) make good initial
guesses for the Newton—-Raphson iteration on Egs. (25) and
(26). )

If the coil conductor skin depth &, is also large com-
pared to A, then from Eq. (31)

ks =1/ugop. (32)
]

k, &1 + ko 8o tanh(koh)tanh(k ) — k, g, tanh(koho)/kohy

Gordon F. Hughes

Equations (23) and (24) then reduce to a reasonably simple
formula for the overall efficiency &, which does not involve
complex numbers, and can therefore be done on a hand cal-
culator:

_ tanh(kyh,)
koho cosh(k,h,) + k,h, tanh(koh)sinh(k A,)

3 (33)

Use Eq. (30) for &, and Eq. (32) for k,. Note that this simpli-
fied efficiency formula is not a function of frequency. (It will
therefore be inaccurate at sufficiently high frequencies,
where Eq. (23) must be used.)

Paton’s efficiency* [Eq. (18)] is gotten from Eq. (33) by
letting the gap reluctive load go to zero; e.g., set k4, = 0.

Use the total head flux linkage @,, the total drive coil
current /;, and the dc drive coil resistance R, to get the com-
plex impedance Z (w), [Stoll,” Eq. (2.25)].

Z (@) = Ry + jody/I,. (34)

Resistance R, is derived from the scalar potential [Eq. (2)],
and @, is the total flux generated (or linking) total region “0”
drive current /,. Note that I, will be complex, since it in-
cludes the eddy current reaction onto the resistive current
J, . Also @, will be complex, and therefore jo®P,/1, will have
a real part, raising the real part of the impedance, and hence
the thermal noise. Similarly, the inductance is the real part of
D,/1,.

Current /, and total flux @, are derived in the Appendix
[Egs. (A6) and (A14)], and the normalized impedance be-
comes

Z/Ro = 1 +/ura(2) gOe pe

In Eq. (35), the effective coil gap g, is defined to be
sinh(a, go)/a,, and the effective pole p, is tanh(ap)/a.

Now the mean-square thermal noise voltage is (Daven-
port and Root,'" Sec. 9.4)

(@ = 2ka Re[Z/(f)1df. (36)

So the real part of Eq. (35), numerically integrated over the
bandpass of the read channel, is the factor of mean-square
noise increase over the dc resistance alone.

NUMERICAL RESULTS

Efficiency, inductance, and noise results will be given
for five typical digital disk thin film heads (after Jones™®).
For experimental comparisons, we will use Jones' results.
Although his efficiency values are calculated from a dc
theoretic model, they are assumed to be accurate at suffi-
ciently low test frequencies. The inductance comparisons are
to the Anderson and Jones® calculations; they present ex-
perimental inductance values at | MHz supporting their ac-
curacy. Case (A) is from Jones,' Fig. 3; case (B) is from
Jones,' p. 511; case (C), Anderson and Jones,® Fig. 2, open
gap; case (D) is case (C) after throat height lapping (to &, = 5

ky g1 + ko go tanh(koho)tanh(k h,) + pik, g, 81 pod tanh(koho)/koho

(35)

I

um); and case (E) is Anderson and Jones,’ Fig. 2, closed gap.
For example, case (A) has “Paton efficiencies” of
&, = tanh(Ayh,)/(Aoho) = T9%,
&, = 1/cosh(k,h,) = 99%,

§=26051="79%.
See Eq. (24) for the &, formula. This combined value of 79%
is listed in Table I, case (A). Recall that this is done to see
how serious is the error committed by applying the two-
region Paton formula to a four-region head.

Simplified Eq. (33) gives & = 69%. More accurate Eqgs.
(23) and (24) give 70%. Reference efficiencies are about 68 %
(Jones," Fig. 3).

To see if simplified Eq. (33) is valid at 1 MHz, using
inefficient head (B) from Table I,

[ltan(A, go)/ A4 &6l = 1.000,
lltan(k, g,)/k, &|| = 1.000,
[ltan(4, p)/A, p|| = 0.997,
[|tan(45 p)/45 p|| = 1.000,

which are all close to unity, as assumed in simplifying Egs.
(25)and (26). At S MHz, the worst ratio is 0.9873. At 1 MHz,
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FIG. 2. Efficiency vs throat height 4, for p = 2 um, 2g, = 6.5, hy = 92.5,
28, =08, h, =5, u = 800.

llao &ol| = 0.07, and at 5 MHz, it is 0.15, with Eq. (33) giving
53% efficiency at 5 MHz, and Egs. (23) and (24) giving 60%.

Figure 2 shows the predicted efficiency [Eq. (23) times
(24)] versus throat height A, at 1, 10, and 50 MHz for the
head of case (B) but having the 0.8-um gap 2g, of case C.
Note that the 1- or 10-MHz efficiency has fallen to 62% with
1-um throat height %, and is only 35% at 10 um. By com-
parison, conventional ferrite ring heads with 25-um or 1-
m in. throat heights, 800 permeability, and efficiency above
60% are common. Note that the 10- and 50-MHz efficien-
cies are larger at low throat heights than the 1-MHz values.
This effect is due to coil region eddy currents, because it
disappears if Egs. (23) and (24) are evaluated for zero conduc-

TABLE 1. Typical thin film heads.

Gordon F. Hughes
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EFFICIENCY

m——
——

TEN TIMES INDUCTANCE

2

8

8

X3
2

EFFICIENCY (%) OR INDUCTANCE x 10 (nH/um.T2)
3

3 4 5 6
POLE SKIN DEPTH (um)
FIG. 3. Inductance and efficiency vs pole skin depth §,, same head as Fig. 2.

Nvieo
~-

tivity o, It is believed that coil region eddy currents reduce
the ac leakage flux from pole inside the region. Also, the coil
currents tend to flow on the surfaces of the region, where
they can couple more tightly to the poles.

Figure 3 shows that if the pole skin depth & of this same
head drops below the pole thickness p, the efficiency drops,
and the inductance shuts off. The scale values represent ten
times the inductance per um of head width, and per turn
squared.

Figure 4 shows the impedance real part and phase angle
0, and the efficiency, both versus frequency. As frequency
rises, the phase angle begins to rise rapidly towards an induc-
tive 90°, but the increasing eddy currents pull it back towards
45° (recall that one-dimensional eddy currents in a perme-

Head example case: (A) (B) (C) (D) (E)
P pole thickness ( uzm) 2 2 2 2 2
28 total coil thickness (pole to pole, um) 6.5 6.5 8 8 8
hy coil length (um) 92.5 92.5 80 80 80
2g, total gap dimension ( #m) 1.5 1.5 0.8 0.8 0.8
h, throat length ( zm) 5 5 30 5 30
To coil conductor resistivity (Cu, 122 cm) 1.7 1.7 1.7 1.7 1.7
Ko coil permeability (cgs) 1.0 1.0 1.0 1.0 1.0
T pole resistivity (81% Ni, 19 Fe, uf2 cm) 20 20 20 20 20
7 pole permeability (cgs) 1600 800 2000 2000 2000
& Efficiency: Reference 68% 50% 0%
Paton 79% 66% 75% 88% 75%
Simplified Eq. (33) 69% 53% 32% 73% 0%
Complex Eq. (23), (24) 70% 54% 2% 2% 0%
L Inductance: Reference (ph/um 7% 7.5 19 22
Calculated Eq. (35) 6.6 5.0 18 8.5 24
Ruowss/R,  0-12MHz 2.7 2.0 6.4 32 9.1
0-25 MHz 44 32 15 5.1 24
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FIG. 4. Impedance, phase, and efficiency vs frequency, same head as Fig. 2.

able plane slab have a 45° average phase angle’).

The resultant large real part ||Z ||cos(@ )/R, gives a
mean-square noise voltage 16.6 times larger than might be
expected from the dc resistance R, alone (numerical integra-
tion was done by a complex variable Fortran program).

The efficiency curve in Fig. 4 first rises and then falls off
at high frequencies, when the pole skin depth approaches the
pole thickness p. It is felt that the initial rise in the efficiency
is due to the conductor eddy currents resisting leakage of
flux from pole to pole, across the conductor, as discussed
above.
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APPENDIX: EQUATION DERIVATIONS
Suitable forms of 4, solving Ez~. (3){(6) are
Ao(xo,}’)

= C, cosh(koxo)cos(Ao y) + (1o Ju /)1 — cosh @, y),

(A1)
A ,(x;,y) = [C, cosh(k,x,) + D, sinh(k x,)]cos(k ), (A
Ay(x4,y) = — C, cosh(koxo)sin A,(y — go — p)
— uJ, sinh(a, go)sinh a(y — g, — p)/
a.a cosh(ap), (A3)
A,(x,,y) = — [(C; cosh(kx,) + D, sinh(k,x,)]
Xsin A;(y — g, — p). (A4)

Equation (3) which has the forcing function J,e’*’, has the
right-most term of Eq. (A1) as a particular solution, plus the
superimposed eddy current potential with amplitude C,. If
a, = 0, (no eddy currents) the particular solution represents
a x field linearly increasing with y; i.e., a symmetric uniform
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current sheet. The choice of functions in 4,4, matches the
boundary condition [Eq. (13)] and has center-plane symme-
try: B, (x4,0) and B, (x,,0) are zero.

The vector potential vanishes on the exterior pole sur-
faces (xy,g, + p) and (x,,g, + p), so no normal flux escapes
the head, except at the pole tips. Boundary condition Eq. (15)
determined the right-hand constants in Eq. (A3). Equations
(A1)-(A4) have eleven unknowns; viz., C,, C,, C,, C;, D,, D5,
ko, k1, Aoy A1, and A,. There are seven remaining boundary
conditions [Egs. (14)—(21)], and Egs. (3)-(6) impose four more
conditions, giving a total of eleven equations to solve in elev-
en unknowns, which should therefore have a unique solu-
tion.

Setting V24, (x,y) — a’4 (x,y) equal to — uJ, or zero
gives the three sets of Egs. (27). Imposing conditions of Egs.
(14)-(20) on Egs. (A1)~(A4), and assuming that ||k, gol|,
k1 81ll, llao 8l <1, results in

_ _lu",agOEglklpe

Co= .
®" k, g, cosh(koho) + ko & sinh(koho)tanh(k, /)
(A5

If one does not make these approximations, a more cumber-
some version of Eq. (AS) results. The simpler equation
shown here gives efficiencies accurate to 1% for the experi-
mental heads (Table I), when compared to the exact version
of Eq. (AS5). Contact the author for details.

Neglecting ||k, g,|| is valid since ||k,4,|| must be small
for good throat efficiency £, [Eq. (24)], and g, <A,. A similar
argument shows ||k, gol| €1, since the unloaded Paton effi-
ciency [Eq. (28)] must be high if the loaded efficiency &, is to
be reasonably high. Finally, g, is normally small compared
to the conductor skin depth, so ||, go|| <1, and so g, de-
fined to be sinh(a, g,)/a,, is approximately g, (but g,. has
been left in the equation because it can differ from g, by 10%
at 25 MHz). To restate this argument, thin film heads effi-
cient enough to be usable in a recording system, normally
have parameters which satisfy these approximations. Refer
to the discussion under Eq. (22).

To get the net total drive current /,, use Eq. (1) for the
total current density J, (x,p):

8o ho
I= " ay [ 7. — ad ddxos] e (A6)
— & 0
=2,ho80— Zcoag 8o sinh(koo)/ k. (A7)
From B = VX A4, we can get the fields; e.g.,
H ,(x0,0) = — 9Ay(x,,0)/0x,,
= Cok, sinh(kyx,). (A8)

Thereby the region “0” efficiency &, is

£o = ||H,yo (70,0)/ 1o/ 28|
= ||k, sinh(koho)/ [Joho/Co — a? sinh(koho)/ko ] ||- ‘
(A10)

Equation (23) comes by putting C, from Eq. (AS). Equation
(24) follows by differentiating Eq. (A2) similarly to Eq. (A8).

To get the total flux linkage @, for Eq. (34), we can take
the y flux which crosses the region 0 symmetry plane y = 0,
from x, = 0 to A, plus the back pole flux @, (x, = 0), which
is the same as D, (x, = 0). Take care of the varying flux
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linkage by assuming a distributed coil, viz., the turn of width
dx,at x, links all the B, flux from 0 to x, (the return turns are
to the left of x, = 0 in Fig. 1).
ho X0
D= — 1/h, f dxof B, (x4,0)dx;
0 0

8o + P

- B,,(0,y)dy (A11)
8o ho
= 1/h, f [4o(x6.0) — A4,(0.0)]dx,
0
8o + 7
_ f [04,(0,9)/dydy (A12)
) "
= (1/hy) f Ao Odxo — 450,0)
0
— A,(0,80 + p) + 42(0.80) (A13)
= C, sinh(koho)/(koho)
+ u sinh(a, go)tanh(ap)/aa,. (A14)

Complex coefficient C, can be substituted from Eq. (A5), and
Eq. (35) follows from Eq. (34). Equation (22) for the pole tip

Gordon F. Hughes

fringing flux reluctance is obtained from Potter,'? by sub-
tracting his vector potential at the right pole tip Y(w =4 ),
from y(w = 1) on the left pole tip, giving the flux leaving each
pole tip. Dividing this flux into the mmf 2g,H,, (h,,0), taking
the real part, and taking g, as the half-gap gives Eq. (22).
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STUDIES ON MAGNETIC RECORDING *)

by W. K. WESTMIJZE 621.395.625.3

III. THE RECORDING PROCESS

1. Description of the d.c. and a.c. biasing methods

In recording sound the first demand is that there be a perfect linear
relation between the output and the input signal. If the recording character-
istic is not linear this becomes apparent by the creation of harmonics
or combination tones to which the human ear is very sensitive, especially
to the latter.

In principle it should be possible to obtain a linear recording even
without the aid of a special biasing field. The normal magnetization
curve of a virgin magnetic material in fact has a point of inflection in
the origin; by making the amplitude of the signal sufficiently small
a region around the origin can be found that is sufficiently linear. In
this region, however, the magnetic processes are for the major part rever-
sible, so that the slope of the remanent virgin curve is practically zero.
Because of the weakness of the recorded signal the ratio of the signal to
the unavoidable background noise becomes too unfavourable.

An extension of the linear portion of the recording characteristic can
be obtained either by the direct-current or by the alternating-current
biasing method.

In the d.c. method the tape is magnetized to saturation (4 in fig. 15)
by a separate head. This head acts at the same time as an erasing head,
for by bringing the tape to saturation anything that might have been
recorded on it is obliterated. Leaving this head the tape has reached
the remanent magnetization M. During the recording a magnetic field
is added to the signal field to be recorded. The polarity of this biasing
field is opposite to the field that has previously brought the tape to magnet-
ization, and the magnitude is of the order of the coercive force, thus
bringing the magnetization to a point C when no signal field is applied.
If the biasing field is chosen such that C coincides with a point of inflec-
tion of the hysteresis loop, a region around C is essentially linear and
has a much steeper slope and, therefore, a much greater amplitude of the

*) Continued from Philips Res. Rep. 8, 148-157, 161-183, 1953.

recorded magnetization than the linear part of the virgin magnetization
curve around the origin. After leaving the recording head the magnetiza-
tion reaches the M-axis along a branch of the minor hysteresis loop, for
instance DD’ or CC'. These branches being essentially parallel the remanent
magnetization remains a linear function of the applied signal field.

In the alternating-current biasing method an a.c. field of an amplitude
approximately equal to the coercive force and a frequency well above
the highest to be recorded is superimposed on the signal field. It appears
that in this way too a linearization of the recording characteristic is achieved,
Compared with the d.c. method the a.c. method has two advantages.

M
d
A
Mg
P,
b,
c
(o
(] —»uH
£

Fig.15. Schematization of the d.c. recording method.

Firstly, in the absence of a signal the tape leaves the recording head in
a demagnetized state. The fluctuations of the flux being less for a demag-
netized than for a magnetized tape this means that for an a.c. biased
tape the background noise is less than for a d.c. biased tape. Secondly,
the linear range of the recording characteristic is more extended in the
case of a.c. biasing, which means that the a.c. biasing method results in a
greatly improved signal-to-noise ratio.

In principle it should also be possible to choose the direct current bias
such that a point E in fig. 15 is reached under the influence of this biasing
field and the origin after this field has faded. But the point E does not
necessarily coincide with the point of inflexion C, and if not, this limits
the recording range. Further a careful adjustment of this bias is neces-
sary, and, owing to the inhomogeneity of the field in front of the recording
head, the appropriate value is only reached for a small layer of the tape.

Reprinted with permission from Philips Res. Rep., Part 11, vol. 8, no. 4, pp. 245-269, Aug. 1953.
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Finally, even if the tape as a whole reaches the origin in this way, the state

it has thus acquired is different from the virgin demagnetized state.
Owing to these reasons the improvement of the signal-to-noise ratio

for direct-current recording, if possible at all, is very difficult to achieve.

2. Current explanations of the a.c. biasing method

An explanation of the a.c. biasing method was first given by Camras 1),
and independently along the same lines by Toomin and Wildfeuer 22),
the latter supporting it by an oscillographic study. Their explanation
runs as follows: if the amplitude of the a.c. biasing field is such that a
minor hysteresis loop is followed that has its reversal points on the steep
branches of the major loop, then the application of an additional direct
field will result in the shift of the minor loop along the steep branch.
In fig.16 a field H, will shift the loop ABCD to the loop 4'B’C’'D’. Because
the flanks of the major hysteresis loop are linear over a considerable length,
the shift of the minor loops is proportional to the direct field applied.

Fig.16. Schematization of the a.c. recording method.

If now in the case of the loop A’B'C'D’ the a.c. field decreases, a path
will be traced lying inside this loop and resulting in a magnetization
about halfway between B’ and D’ when the a.c. field as well as the direct
field have completely faded. This remanent magnetization too will be a
linear function of the applied direct field.

In the above explanation it is assumed that stationary minor loops
are followed. This, however, is only the case if a large number of cycli
of the a.c. field are traversed while the direct field remains constant.
In front of an actual head the fieldstrength varies rapidly with the distance
to the gap, so that for a tape passing the head this condition is not ful-
filled. To avoid this difficulty Holmes and Clark 23) give an explanation
in which they try to follow the magnetizing forces for successive parts

of the tape in more detail. The magnetization curves, however, are insuf-
ficiently known to predict the ultimate magnetization of the tape with
the desired accuracy. To come to conclusions a comparison is made with
an AB-class push-pull amplifier, a method which yields the same results
as those discussed above but has the disadvantage that the physical
processes are less easily understood.

Both explanations are based upon properties of the magnetization curve
without entering into the physical processes underlying these properties.

3. Relation between a.c. and ideal magnetization

Before discussing a physical model that explains the linearizing effect
of an a.c. bias, we wish to draw attention to the close relation that exists
between the method of a.c. biasing and the process of ideal or anhysteresic
magnetization as proposed by Steinhaus and Gumlich 2¢). In this method
magnetization is accomplished by superimposing on the magnetic field
an a.c. field of sufficiently large amplitude and then gradually decreasing
this amplitude to zero. Thus a magnetization is brought about that is
independent of the history of the magnetic material. Lying above the virgin
curve, the ideal magnetization curve is always concave with respect to
the H-axis. Further, if plotted against the internal field, the ideaj
magnetization curve rises perpendicular from the origin. If plotted against
the external field the angle between the tangent in the origin and the
M-axis is determined by the demagnetization factor.

The difference between the method of ideal magnetization and that in mag-
neticrecordingis thatin the former themagneticfield remains constant during
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Fig.17. Remanent magnetization as a function of direct field if an idealization process
has been carried out starting from the indicated peak value of the idealizing field.
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the decrease of the a.c. field, while in the latter it decreases at the same rate.

This may be illustrated by figs 17 and 18, taken from unpublished
measurements of Dr J. J. Went on magnetic tapes in homogeneous
fields. The coercive force of the tape in question was y,H,= 75.107¢ Vsec ‘m?2.
In both figures the remanent magnetization after the tape has been sub-
jected to a superposition of a direct field and an a.c. field is plotted against
the direct field for different values of the a.c. field. But, whereas in fig.17
the a.c. field was first removed and then the direct field, as in the case of
ideal magnetization, in fig.18 both were reduced simultaneously and
at the same rate, as is the case in magnetic recording. Experimentally
this is achieved by drawing the tape out of a coil fed by superposed
direct and alternating currents.
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Fig.18. Remanent magnetization for the case where the direct field decreases at the same
rate as the idealizing field, as a function of the starting value of the direct field.

It is seen from fig.17 that as the initial value of the a.c. field increases,
the remanent magnetization increases also but approaches more and more
a limiting value, the ideal curve. For a value of yoH. = 300.107* Vsec/m?
the remanent curve already coincides with the ideal curve. In fig.19
the remanent magnetization is plotted against the idealizing fieldstrength,
for a smal value of the direct field. It appears that the steepest part of this
curve, at u,H; = 75.107* Vsec/m?, coincides with the coercive force of
the tape in question.

Comparison of figs 17 and 18 shows that in the latter the magnetization
obtained is always smaller than in the former. This is to be expected,
for in the latter case the direct field is smaller than in the former during
all stages of the recording process.

It further appears that according to both methods an increase of the
alternating field results in a better linear departure from the origin, but
that in the latter case the magnetization does not tend towards a limiting
value for high biasing fields. Instead, from a certain value of this field
onwards, the magnetization decreases with increasing biasing field. This
is illustrated in fig. 20, giving for a small value of the direct field the
dependence of the remanent magnetization on the biasing field. The
decrease of the magnetization is explained if we assume that there is
only a certain range of biasing fieldstrengths that determines what
magnetization is ultimately recorded under the combined action of a.c,
and d.c. fields. For if, in that case, we start with a high value of the a.c,
field the magnetization is recorded at the time the decreasing a.c. field
passes this critical range, and the direct field at that time has decreased
at the same rate as the biasing field.

To estimate the value of the critical fieldstrength we will compare
the direct fields that result in the same magnetization for ideal and a.c,
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Fig.19. Remanent magnetization as a function of idealizing fieldstrength.
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Fig.20. Remanent magnetization for the case where the direct field decreases with the
idealizing field.
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bias magnetization. If the a.c. field in the latter case is such that we are
well over the maximum of fig.20 we may expect that these fields are related
as the critical fieldstrength and the starting value of the a.c. field. Thus,
by comparing the ideal curve of fig.17 with the curve for y H_ = 433.10™*
Vsec/m? of fig.18 we obtain for different magnetizations the following results.

woHig - 10* | ugHp, 10% from fig. 18 Hig
e 100 from fig. 17 | for yugH, — 433107 | HoMleri 10° = 7 433
! Vsec/m? Vsec/m? Vsec/m?

30 S 32 67
100 10 69 63
150 15 114 57
200 22 164 58
250 30 225 58
300 41 293 61
350 60 392 66
400 85 514 k 72

Accordingly the critical fieldstrength is somewhat lower than the coer-
cive force.

It should be remembered that there is in fact not one critical field-
strength, but a small region that determines the recorded magnetization.
This is evident also from fig.19. If there were one definite critical field it
should be expected that the remanent magnetization be zero for idealizing
fields below and have its full strength for fields above this critical value.

4. Magnetic model explaining the a.c. magnetization

We will now give a simple model that explains the ideal as well as the
a.c. bias magnetization. Suppose that in a particle a number of magnetic
states are possible. Each magnetic state corresponds to a minimum of
the potential energy and is separated from other minima by potential
barriers. For reasons of simplicity we will assume that the potential
barriers are equally high, though this is not essential to our argument.

Application of a magnetic field will diminish the potential energy
for those states where the direction of the magnetization is more in accord-
ance with the direction of the field. Hence the potential barriers will
decrease on the one side and increase on the other side of the potential
minimum. For a certain value of the fieldstrength the first barrier will
have disappeared and the magnetization will jump to a state with lower
energy. Since all the barriers were supposed to be of equal height they

will all be crossed at the same fieldstrength and therefore saturation will
be obtained. Reversal of the field will effect saturation in the opposite
direction. For an a.c. field of sufficient strength the magnetization will
alternate between these two directions. If now the amplitude of the a.c.
field is decreased gradually, there will be an equal chance for the magnet-
ization to reach any of the potential minima. Thus a medium built
up of a large number of independent particles will reach a state of zero
magnetization.

If, however, a small direct field is added to the decreasing a.c. field there
will be a preference for the direction of the direct field. In our case where
all the potential barriers are of equal height the satured state will be
reached provided only that the decrease of the a.c. field between two
successive peak values is smaller than twice the strength of the direct
field. Let a be the amplitude of the a.c. field at a certain moment,
A the decrease of the a.c. field between two peaks, d the strength of the
direct field and h the fieldstrength at which a potential barrier can just
no longer be crossed; then the fieldstrength h will be reached for the first
time when the a.c. and d.c. fields are of opposite direction, and this can just
happen when @ —d = h. When the a.c. field has altered its direction
the amplitude of the next extreme will be a — 4 +d=h—4 +2d.
This will surpass the fieldstrength h if 4 < 2d, and accordingly the
potential barriers on the other side of the minimum in question will be
crossed. Therefore the only final state possible is"that state where satura-
tion in the direction of the applied field has been reached.

This is the explanation given by Steinhaus and Gumlich of the ideal
magnetization. In effect, in a diagram of magnetization vs. internal field,
the ideal curve will rise perpendicularly from the origin.

In reality a medium is not magnetized to saturation by an arbitrarily
small direct field. This is because the magnetization of the particle gives
rise to a demagnetizing field opposite in direction to the external field.
The magnetization will increase to that value for which the external field
is completely cancelled by the demagnetizing field. For only if the internal
field is zero will no further increase of the magnetization take place
during the idealizing process.

As the demagnetizing field is proportional to the magnetization and
equals the direct field in strength, the residual magnetization will be
proportional to the external field. The conditions to be fulfilled are that
the a.c. field should be of sufficient strength for the magnetization to
overcome the potential barriers for all the particles, and that there will
be a sufficient number of stable positions of the magnetization.

Because the coercive force of a medium is that fieldstrength for which
only half of the particles have reversed their magnetization, the first
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condition, viz. that all the barriers are overcome means that the idealizing
field has to be well above coercivity, in accordance with fig.19. In fact
it has to be above the highest coercive force met with in any of the particles.

If the number of stable magnetizations in one particle is limited, the
latter condition will be fulfilled as well if the number of particles is suffi-
ciently large.

In general we may explain the linearizing action of the a.c. field as the
excitation of a magnetization which results in an internal field equal to
the external field but of opposite direction.

If during the decrease of the alternating field the direct field changes also,
as is the case in magnetic recording, the recorded magnetization is deter-
mined by that value of the direct field which existed at the moment
that the amplitude of the alternating field was just sufficient to make
the magnetization cross the potential barriers. In the case where the par-
ticles have different coercive forces, each particle will obtain the remanent
magnetization that belongs to the value of the direct field existing when
the a.c. field equalled its own coercive force.

5. Possible mechanisms of the magnetization process

In the above model the mechanism of the magnetization process was
kept out of the discussion. It was only assumed that a number of magnetic
states separated by potential barriers are possible and that these states
are accompanied by a demagnetizing field proportional to the magnetiza-
tion. For instance, a particle built up of two domains of different magneti-
zation, separated by a Bloch wall that has a number of preferred positions,
should match these requirements. We shall now see whether this can be
brought in accordance with what is known about the magnetic particles.

From electronmicroscopic studies it appears that the particles yFe,O,,
used in the magnetic tape studied above, are less than 0-1 y in diameter.
It depends upon the magnetic properties whether a Bloch wall can exist
in these small particles, or whether it is energetically more favourable
that the particle is magnetized as a whole.

The constants to be known are the Curie temperature T, the lattice
constant a, the saturation magnetization My, and the anistropy constant K.
The thickness § of a 90° wall may then be estimated from

6 _ <’f}—-,—c)1/z K—‘/g ’

a

and the wall energy per unit surface from

s
) K‘I’z 25).

No value for the anisotropy constant of ¥Fe,0, being available, K can
be estimated from the “approach to saturation” of the magnetization
curve; because, if all irreversible processes have taken place, a further
increase in magnetization can be accomplished only by rotation of the
magnetization against the anisotropy forces. For practically independent
particles with cubic symmetry the approach to saturation is given 2%) by

M_1 8K12192(K13

M, " 105 (E FI') 5005 \ M, ﬁ)
which satisfies approximately the experimental approach (fig. 21) by
insertion of y,K/Ms = 0-08 Vsec/m2. With My = 0-44 Vsec/m? this yields
K = 28000 N/m? (= 28.10% ergs/cm3).
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Fig. 21. Hysteresis loop with approach to saturation. The points are calculated from eq.(1).

With T, = 1000 °K, @ = 3 A the thickness of a 90° wall is 6 = 350 4,
and the energy o ~ 1-2.107 N/m (= 1-2 erg/cm?).

If a spherical particle is magnetized to saturation the magnetostatic
energy density is M?/(6 4,) N/m? per unit volume, and thus of a particle
of radius r

Fp= 27 o M
Mo

On the other hand the introduction of two perpendicular 90° walls in the
particle will introduce a configuration in which the flux path is internally
closed and the magnetostatic energy consequently very small. The energy
then is that of the wall, E,, ~27rr%, and the critical diameter for which

Nm.
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the energies are equal is r,, = 750 A. For particles with a diameter of
less than 0-15 p the saturated configuration has the lesser energy.

It seems therefore improbable that walls should occur in the magnetic
powder studied above, unless positions of the Bloch wall in the particles
are possible with an energy lower than the energy according to the formula
for o given above.

If, on the other hand, the particles are magnetized to saturation a
change can only be obtained by rotation from one direction of easy magneti-
zation to another. For a spherical particle with cubic lattice the coercive
force is 2K /M if the direction of the applied magnetic field is opposite
to the direction of magnetization. For a medium built up of a number
of such particles oriented at random the average force was calculated by
Néel 27) as 0-64 K/M;. For the magnetic powder of the recording tape
studied this should give a coercive force of 640.107* Vsec/m? instead of
the observed 75.107* Vsec/m2. Therefore, if the particles are magnetized
as a whole they are either not spherical, or not independent. In the latter
case clusters of particles may be imagined in which the particles influence
each other in such a way that the coercive force is less than in the case
of separate particles. In this cluster a demagnetizing field proportional
to the magnetization will occur.

IV. CALCULATION OF THE FIELDS IN AND AROUND THE TAPE

1. Basis of the calculation

When the recording process has taken place and the tape has left the
recording head the recorded magnetization will give rise to an external
field but also to a demagnetizing field in the tape. This field will be directed
opposite to the recorded magnetization and thus result in a decrease of
the latter. This decrease will be the more pronounced the stronger the
demagnetizing field and the greater the permeability of the tape. When the
permeability equals unity, the magnetization will not be affected by this or
any other field provided the fieldstrength does not exceed the coercive force.

In this case of unit permeability, the equations for the response curve
of the preceding section hold. Here it makes no difference if the recorded
magnetization is directed in the direction of motion of the tape (longi-
tudinal magnetization) or perpendicular to the plane of the tape (perpen-
dicular magnetization), although the demagnetizing fields are quite different
in the two cases, especially for long wavelengths.

This is evident from the fact that the apparent magnetic poles which
give rise to the demagnetizing field are equal to divM/y,. Thus for lon-
gitudinal magnetization the poles, and therefore also the demagnetizing

field, tend towards zero for increasing wavelength. For perpendicular
magnetization, on the contrary, there are always poles on the surface of the
tape that give rise to a demagnetizing field, independent of the wavelength.

We shall now proceed to calculate the residual magnetization under
the influence of the demagnetizing field of a tape in which the magnetic
moment is not rigidly fixed or, in other words, that has a relative permea-
bility greater than unity.

For the tape the Maxwell equations hold

curl H=0, (1)
div B = div(M - uH) = 0. @)

To solve the problem a relation between M and H must be known.
For this we shall use

M= M,+ (u—1) uH. ®3)

For M|, = 0 this is the normal relation for linear isotropic media, where
w is the relative reversible permeability. Eq.(3) involves that after irre-
versible processes have taken place such that a remanent magnetization
M, is brought about, a magnetic field produces the same change in
magnetization as before, independent of the magnitude of the remanent
magnetization. This of course is only true in a limited range of remanent
magnetization, but it is to be expected that it holds with sufficient accuracy
in the range used in magnetic recording.

A proof for the independence of the permeability of the perma-
nent magnetization M|, is found from the measurements of the selfinduc-
tance of a coil filled with tape. From these measurements it appears that
the permeability does not change more than 2%, after the tape has been
subjected to direct fields, up to saturation strength.

That no irreversible changes occur may be seen from the fact that
the recorded magnetization does not decrease noticeably after repeated
playback. For during the passage of a head consisting of high-permeable
metal the demagnetizing field is decreased considerably. If irreversible
processes are taking place, a decrease of M, is to be expected. Since the
voltage induced in the reproducing head is a measure for M|, the result
would be a decrease of the output voltage after repeated playback, an
effect which is only observed in a slight degree after the first few times.

From eqs(1l), (2) and (3) it follows that

AH = — 1 grad div M, 4)
Kty
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M, is the magnetization recorded by the recording head. Thus, if the
boundary conditions are known, H may be solved from this equation.

To make the boundary problem more easy to solve we shall suppose
the tape to be of infinite length and width, the thickness of the tape being d.
As we shall see the influence of the neighbourhood of a high-permeable
reproducing head cannot be neglected. The head is introduced by the
supposition that in a plane at a distance a from the tape the lines of force
are perpendicular to this plane. This is equivalent with a head of infinite
dimensions and of infinite permeability with its surface in this plane,
the gap of which is so small that its influence on the field distribution
may be neglected.

We shall use a coordinate system with its origin in the boundary plane
of the tape nearest to the head, with the x-axis in the direction of motion
and the y-axis normal to the plane of the tape (fig. 22). Thus the other
boundary plane of the tape is y = —d, and the boundary plane of the
head is y = a.

The recorded magnetization M be sinusoidal and a function of x only.

The direction of M is arbitrary in the xy-plane. In order to make the
formulae less intricate we shall treat the longitudinal magnetization
(directed along the x-axis) and the perpendicular (directed along y-axis)
separately. The general case may be found from these two by super-

position.
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Fig.22. Schematic view of tape T and head H, the latter represented by the planey = a
above which the permeability is infinite.

2. Longitudinal magnetization

The recorded magnetization being directed along the x-axis we may

write for the tape

My = Mysinkx, My, =0; (k= 2n/4).

Thus eq.(4) becomes
M, )
AH, = — k? sin kx,
Mo

AH, = 0.

This is solved by

M,
Hy— (4,67 + Ay — °) sin &2,

Ko
Hy = (—A, €Y + A4, e™) cos kx,

where A4, and A, are arbitrary constants.

Outside the tape analogous solutions hold with M, = 0. Thus we have
three sets of solutions each with two constants.

The six constants are determined by the boundary conditions

= —o0 :

y=—d

y = 0: H, and B, continuous,
y=a: Hx =0.

y =0,
: Hy and By continuous,

This gives six equations for the determination of the constants. By
solving for the constants and inserting the values we obtain the solution
satisfying the differential equation and the boundary conditions

for —oco <y < —d:

poHy  —sinkx

uoHy

M tanh kd jtanh ka + (1/u) tanh (kd/2){exp}k(y +d)!
1 4 tanh ka + (u tanh ka + 1/u) tanh kd ’

-+ cos kx
(5a)
for —d <y <0:

-+ sin kx
= X< A

—cos kx

npoHy + M sin kx cosh k(y +d/2)
—B

sinh k(y + d/2)

cosh ky?

ppoHy sinh kys

where
. M, )2 cosh (kd/2) + (1/u) sinh (kd/2)$
cosh kd }1 + tanh ka + (utanh ka -+ 1/u) tanh kd{’
M, (1 —tanh ka)
cosh kd ;1 + tanh ka + (utanh ka +1/u)tanh kde

(5b)

and B =

for0 <y <a:
toHzx

soHy

sin kx sinh k(a—y) — M, tanhkd )1 + (1/x) tanh (kd/2)!

X .
cosh ka3l +tanh ka +(utanh ka +1/u) tanhkd!
(5¢)

It is seen from eq.(5b) that in general the field, and thus the magneti-
zation in the tape, is a function of the depth in the tape. If, however, the
wavelength is large in comparison with the thickness of the tape, or
|ky| <kd < 1, then in first approximation

cos kx cosh k(a—y)
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tanh ka

H,~—Mkd ——n——
Hollx "1 +tanhka

sin kx . 6)

The field is directed against the magnetization and constant over the
depth of the tape. To this approximation a demagnetization factor D

can be introduced by the equation D = — u H, /M, ~ — uoH,/ M sin kx,
which with eq.(6) gives
tanh ka
D=Fkd e
1 4+ tanh ka

D is inversely proportional to the wavelength and depends, moreover,
on the space a between head and tape, decreasing when a decreases.
For tape and head in close contact (a = 0) the demagnetizing factor
is zero, while for a tape free in space (a = oo) D = =ad/].

If the wavelength is not large in comparison with the thickness of the
tape, H and M are different functions of the depth in the tape, and it
is therefore senseless to introduce a demagnetizing factor.

For a tape in free space the demagnetizing field has a maximum and
the magnetization a minimum in the centre of the tape. This is illustrated
giving the computed induction B, = M, + pH, =
M, sin kx 4+ pu H, as a function of the depth in the tape for a tape with a
permeability 4 = 4, and for different values of d/2 = kd/2x. Fig.23b
gives the same data for a tape in close contact with the head (a = 0).
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Fig.23. Longitudinal component of the induction in a tape of permeability u = 4.
a. tape free in space; b. tape on one side (y = 0) in contact with a head.

It is seen that by the presence of the head the demagnetizing field is
decreased and thus the original magnetization partly restored.

It is most important to know the flux passing through the coil of the
reproducing head due to the presence of the magnetized tape. This may
be calculated by considering the plane x = x,, where x, is the abscissa
of the (infinitely short) gap. From div B = 0 it follows that the balance
of the flux traversing this plane is zero. Thus the flux in the head through
this plane is found by calculating the flux in the tape and subtracting
the flux closing in the space under the tape, U (fig.22), and between
tape and head, s. If the head is constructed properly, then the flux through
the head is forced through the coil by the reluctance of the gap.

The amplitude @, of the flux through a width b of the tape is found from

0 0
D, sinkxy = b J; B,dy =15 I (npoHyx + My sin kx;) dy =
= —d
tanh kd 1 + (2/u)tanh (kd/2) + tanh ke

= @, sin kx,.

kd 1 4 tanh ka + (utanh ka +1/u)tanh kd

Here ®y= Mybd is the amplitude of the flux variations in the tape at
long wavelengths. The dependence of @,/®, on a/4 is represented in fig. 24,
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Fig.24. Dependence of the flux in the tape on the separation between head and tape
for a tape of permeability u = 4.

In the same way the flux @, below the tape is found to be

tanh ka + (1/u) tanh (kd/2)
kd 1 -+ tanhka + (utanh kd +1/u) tanh kd

and the flux @, closing between head and tape

tanh kd 31 + (1/p)tanh (kd/2)€ (1 —1/cosh ka)
kd 1 +tanhka -+ (u tanh ka +1/u) tanh kd

¢3=—¢0
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Thus the flux @ through the cail of the head is

¢= @1—¢2—®3=
. tanh kd

1 + (1/u)tanh (kd/2) 1
=2 kd

. (8
1 + tanh ka + (utanh ka 4 1/u) tanh kd cosh ka ®)

The same result is obtained more directly by integrating the vertical
component of the induction at the surface of the head from x = 0 to
x = x,. Then, however, the relative importance of the various factors
that reduce the output does not stand out.

In the general formula (8) @ depends upon d/4, /4 and y in a rather

complex way. For 4 = 1 we may write

@ tanhkd 1 -tanh (kd/2) 1 1—e i (82)
—— e — e e e . a
D, kd 1 +~tanhkd (1 +tanhka)coshka 2nd/A

which is the expression derived in Part II.
For small values of ka and kd the first approximation of (8) gives

@Dy ~ 1 —ka—kd/2u. (8b)

For larger values of kd, tanh(kd/2) and tanhkd are approximately 1
and thus

o 1 1 1 1 2 e
aowkd 1 + wtanhka coshka hkd u-+1 1—e2* (;t—l)/(‘u—i—l).

(8¢)

Since tanh 1-5 = 0-9 this is a reasonable approximation from d/4 = 0-5 on-
wards.

It is easily seen from the general formula (8) that an increase of kd
and ka always results in a decrease of @/®,. However, an increase of
the permeability may sometimes enlarge the flux in the head as is seen
from (8b) for small values of kd. For larger values of kd (eq.8¢c) the flux
decreases with increasing u.

In fig. 25a the variation of @/®, with d/4 is given for a constant ratio
of the space a between head and tape to the thickness d of the tape,
a/d =}, and some values of the relative permeability u of the tape.
Fig.25b gives the variation with d/i for a tape with u = 4 and some
values of a/d.

In order to illustrate the causes of the flux loss in the case of a tape
with 4 = 4 passing the head at a distance a = 0-1d, fig.26 represents as
a function of d/1 the fraction of the flux in the tape closing beneath the
tape (curve a) and the flux closing between tape and head (curve b).
The remaining flux finds its way through the head (curve ¢).

From the approximation (8¢) it is seen that, since @, is proportional
to the tape thickness d, the flux @ in the head is independent of tape
thickness if the wavelength A is comparable to d. This was observed
already by Kornei?®) and Herr, Murphy and Wetzel 2?). The reasons
why only a surface layer contributes to the reproduced flux are twofold.
On the one hand the demagnetizing field increases for deeper layers
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Fig.25. Reproduced flux as a function of wavelength.
a. for some values of the permeability, and a/d = },
b. For some values of the space between head and tape and u = 4.



LLL

so that for a tape in contact with the head the flux is decreased
everywhere except on the contacting side, as is illustrated in fig.22b; and
on the other hand the deeper layers do not contribute to the flux in the
head because of the rapid decrease of the reproduced flux with increasing
distance.

Another fact is that the recorded magnetization will decrease with
the distance from the recording head, while here the recorded magneti-
zation was supposed to be constant over the depth of the tape.
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Fig.26. Fraction of the flux in the tape passing through the space U (fig.22) beneath
the tape (a), through the space S between tape and head (b), and through the head H
(c), as a function of d/A.

3. Perpendicular magnetization

In the case of perpendicular magnetization the recorded magnetization
may be written as

M,z =0, My, = Msin kx,
and therefore eq.(4) becomes
AH, =0, AH,=0.

The solution is obtained along the same lines as in the case of longi-
tudinal magnetization in the preceding section. With the same boundary
conditions it is found that
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