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TRANSDUCER WITH IMPROVED INDUCTIVE COUPLING

Background of the Invention
This invention relates to thin film magnetic

transducers (i.e., heads).

5 Referring to Fig. 1, a typical thin film magnetic
head 10 for writing information on or reading information
from a recording medium 12, such as a magnetic disk,
resembles a horseshoe~shaped yoke 14 of ferromagnetic
material (such as nickel-iron) around which a coil 16 is

.0 wrapped. Yoke 14 includes a pair of pole pieces 18 the tips
of which are located closely adjacent to medium 12.

Information is written on medium 12 by passing
electrical current through coil 16 to induce a corresponding
magnetic flux in yoke 14. The magnetic flux is conducted

15 through one of the pole pieces 18 to medium 12 via the tip
of the pole piece. Changes in the flux caused by varying
the electrical current are recorded as magnetic transitions
on medium 12. The flux circuit is completed by the return
of the magnetic flux to thin film head 10 via the other pole

20 piece. During reading, as head 10 is passed over a pair of
magnetic transitions 15, 16 (known as a di-bit) on medium
12, flux emanating from positive transition 15 is conducted
up through the one of the pole pieces 18 and returned by the
other pole piece to the negative transition 16. The flux

25 conduction through yoke 14 induces a corresponding
electrical signal in coil 16.
R The amount of flux imparted to the yoke during
writing by the coil depends upon the write current level,
the number of coil turns, and the reluctance of the pole,

30 among other factors. Similarly, the level of the voltage
induced in the coil during reading depends upon factors such
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presented to the coil as it travels through the yoke, and
the reluctance of the yoke. The flux-current relationship
in a magnetic head is termed the inductive coupling between
the yoke and the coil.

Referring to Figs. 2A~2C, the ferromagnetic material
of the pole pieces 18 includes numerous microscopic regions,
called domains 20, within which magnetic dipoles 22 of the
material are aligned. The material is formed (by deposition
or annealing) in the presence of a directional magnetic
field to cause the dipoles 22 of some of the domains 20 to
become aligned with (i.e., oriented at an angle of 0 degrees
or 180 degrees to) the magnetic field direction. The
direction at which the dipoles are aligned represents the
preferred axis of magnetization of the pole piece and is
called the easy axis 24. The dipole alignment of the
domains in the interior of the material and the domains near
the edges of the material is such that the magnetic flux
generated by the dipoles 22 remains within the material in

!  the absence of an externally applied magnetic field (Fig.
2a).

When magnetic flux is applied to the yocke (either by
passing current through the coil during writing or by
passing the pole over magnetic flux transitions on the

i  medium during reading) the flux is conducted through the
material in one of two ways. One way is by so-called "wall
motion®, which occurs when the flux 26 is applied in a
direction parallel to the easy axis 24 (Fig. 2B). The flux
26 causes domains 20 having dipoles 22 that are aligned with

) the direction of flux conduction 26 to increase in size (at
the expense of those domains whose dipoles are disposed
opposite to the flux direction) as magnetic dipoles from
adjacent domains reorient themselves (e.g., by 180 degrees)
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cach domain grows in size, its walls 21 move to define new

boundaries between the domains.
Flux conduction by wall motion is undesirable for

» several reasons. First, defects, such as impurities, in the

material impede the movement of the domain walls 21. When a

domain wall encounters an impurity, the impurity temporarily

holds (i.e., "pins") the wall at the site of the impurity,

preventing it from moving at the point of the impurity. The
} remainder of the wall continues to move, causing the wall to
"gtretch® and storing energy in the wall. WwWhen the wall
stores sufficient energy to free itself from the hold of the
impurity, the wall breaks free suddenly, releasing the
stored energy as a burst of electrical noise (known as
"Barkhausen noise") which obscures the information signal.

~s

The applied flux must exceed a threshold to assure
that the walls 21 will be able to gather enough enerqy to
move past the impurities. As a result, flux conduction by
wall motion is somewhat insensitive to the low flux levels

) with which thin film heads are typically used during read
operations (that is, the material has low permeability at
low flux levels).

In addition, the domain walls 21 cannot be rapidly
moved, and as a result, flux conduction by wall motion is
unsuitable in applications in which high frequency changes

(9}

in magnetic flux are encountered.

A second mechanism by which flux is conducted
through magnetic material is by rotation of the magnetic
dipoles 22 of the domains. This is done by applying the

0 flux 26 in a direction transverse (such as perpendicular) to
the easy axis 24 (Fig. 2C). Because domain wall motion is
not relied upon to conduct the flux, "pinning" is not
encountered and Barkhausen noise is eliminated. Further,
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the domain dipoles 22 need only rotate slightly to conduct
the flux through the material. As a result, flux conduction
by rotation is responsive to high frequency flux variations
as well as low applied flux levels (that is, permeability is
high even at low levels of applied flux).

Summary of the Invention

One general aspect of the invention is a thin film
magnetic transducer formed in multiple layers that includes
a yoke having a plurality of arms, at least one of which has
segments lying in separate layers and connected through a
transition layer, and a multi-turn coil intertwined with the
yoke to provide at least two flux interactions between the
yoke and coil.

The multiple flux interactions significantly
increase the inductive coupling between the yoke and the
coil. Thus, compared with transducers that have only a
single flux interaction, a given amount of flux conducted by
the yoke during reading induces a greater electrical signal
in the coil, and during writing an increased level of flux
is generated in the yoke in response to the write signal
applied to the coil. In general, the induced electrical
signal (during reading) and the induced flux (during
writing) are increased by a factor equal to the increased
number of flux interactions.

Preferred embodiments include the following
features.

The coil includes multiple turns and lies at least
in part in the transition layer. Multiple coils may be used
to further enhance the number of flux interactions. The
laye;s are connected by a via.

The invention also features a thin film magnetic
transducer that includes multiple flux-coil interactions and
is constructed to enhance flux conduction in the yoke by
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motion. More preferably, conduction by wall motion is

limited to 25% (or most preferably, to 10% or less) of the
total flux conduction. As a result, the transducer is well
suited for use in applications where high frequency changes
in magnetic flux occur. The transducer is also highly
responsive to low flux levels (that is, the transducer has
high permeability at low flux levels). The avoidance of
flux conduction by wall motion significantly reduces
Barkhausen noise.

In one aspect of this concept, the yoke has a
plurality of relatively long arms which extend generally
along a first direction and which have an easy axis of
magnetization arranged transverse to the first direction so
that the flux propagates in the arms predominantly by
rotation, and the arms are connected by a relatively short
transverse portion. Although flux conducts at least
partially by wall motion in the transverse portion, because

1 the length of the transverse portion in minimal rotational
conduction through the yoke is favored overall.

Preferred embodiments include the following
features.

The easy axis is perpendicular to the first

5 direction. This substantially eliminates conduction by wall
motion in the arms. The transverse portion is oriented
obliquely to the first direction to reduce the need for flux
to conduct by wall motion therein.

Another way in which conduction by wall motion is

0 teduced is to have only two flux interactions between the
yoke and coil. This is done by restricting to two the
number of the elongated arms, so that the number (and
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In yet another aspect of the invention, conduction
py wall motion is reduced by constructing the transverse
yoke arm segments from a plurality of laminated sub-layers
that have easy axes of magnetization oriented in different
directions. Because flux can conduct by rotation more
easily than by wall motion, the flux passing through the
transverse segments is transferred back and forth between
the sub-layers to find a path through which it can conduct
by rotation.

Preferred embodiments include the following
features.

The easy axis of one of the sub-layers is
perpendicular to the direction along which the segment
extends. The easy axes of the sub-layers preferably are
orthogonal, but they may be oblique instead. The yoke is
arranged so that segments disposed in the same thin film
layer are all aligned in the first direction, and the
transverse, laminated segments are all disposed in an upper
thin film layer (the coil is placed in the transition layer
between the two thin film layers). As a result, the
laminated sub-layers are formed subsequent to (and are thus
spared) the high-temperatures used during manufacture of the

i coil. The possibly deleterious effects of the high
temperature processing on the directionality of the easy
axes of the laminated sub-layers are thus avoided.

Another aspect of the invention in which the
problems associated with wall motion is avoided is providing

J ét least one (and preferably both) of the yoke arms with
elongated segments which are oblique to each other and whose
easy axes of magnetization are transverse to the directions
of flux flow through the respective segments. One of the
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obligque segments is joined to the other yoke arm so that

flux can pass between the arms without ever flowing
completely parallel to the easy axis of either segment.

As a result, the magnetic flux is always constrained
to conduct at least partly by rotation because it is never
completely parallel to the easy axes of the yoke's magnetic
domains.

The following features are included in preferred
embodiments.

The oblique segments lie in separate thin film
layers, with the segment and the other arm being joined
through, e.g., a via between the layers. The oblique
segments of each arm also lie in different thin film layers.
Segments that are disposed in the same thin film layer all
extend in the same general direction and have easy axes
perpendicular to this direction.

Another of the invention, which can be used with any
of the aspects discussed above, is providing at least one of
the yoke arms with a portion of relatively large surface
area (i.e., a "magnetic tail") to cause flux to be radiated
from the arm to regions adjacent to the transducer
preferentially to being conducted to another one of the yocke
arms. Preferably, the other arm of the yoke also includes a
magnetic tail which receives flux from regions adjacent to
the transducer to be coupled into the arm for return to the
storage medium.

As a result, the yoke arms need not be connected
together to cause the direction of flux conduction to be
reverged as the flux is returned from the yoke to the
storage medium. Reversing the direction of flux conduction
often requires at least some of the flux to be conducted
parallel to the easy axis of the yoke. Thus, the use of
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Other features and advantages of the invention will
become apparent from the following detailed description, and
from the claims.

Description of the Preferred Embodiments

We first briefly describe the drawings.

Fig. 1 is a diagrammatic side view of a prior art
magnetic head.

Figs. 2A-2C illustrate the domain structure of a
ferromagnetic material at rest (Fig. 2A4A), during flux
conduction by wall motion (Fig. 2B}, and during flux
conduction by rotation (Fig. 2C).

Fig. 3 is a diagrammatic side view of one embodiment
of the thin film magnetic head of the invention.

Fig. 4 is a top view of another embodiment of the
thin film magnetic head of the invention.

Fig. 5 is a top view of a thin film magnetic head
having the general structure of Fig. 3.

Fig. 6 shows a laminated pole piece according to
another embodiment of the thin film magnetic head of the
invention.

Fig. 7 is a top view of still another embodiment of
the thin film magnetic head of the invention.

Fig. 8 shows another embodiment of the invention in
which the pole pieces are provided with magnetic tails.
Structure and Operation

Referring to Fig. 3, thin film magnetic head 30
includes a yoke 32 of ferromagnetic material (such as a
nickel iron alloy) intertwined with a multiturn, planar coil
34 (also known as a pancake coil) in such a way as to
provide multiple flux interactions between yoke 32 and coil
34 and thereby significantly increase the inductive coupling



¢  of the |npur|ty The fenhlnder of
the wal | stretch and s;orlng

preventing it from ndvs

the wal |l continues to “ :
energy in the wall. I

fromthe hold of the |npur|ty, t he wal | breaks’Tree suddenly, rel easi ng the
stored energy as a burst of electrical ﬁlse (known as "Bar khausen noi se")
whi ch obscures the information signal T e“applied flux nust exceed a

t hreshol d tst;)he(as ur.e ter}gt éhceouﬁazled tm Ié(ﬂveefat Oe}?uo tglafrpe{lﬂlough ener gy

to nove pa ction
magnetlc heads (Fig. 1). Specxflcally, ycke 32 1s

constructed with pole pieces 36, 38 (i.e., arms) that are
woven through coil 34 so that magnetic flux interacts with
coil 34 twice as the flux is conducted through pole pieces
36, 38 to or from magnetic storage medium 40.

Pole piece 36 includes a pair of elongated segments
42, 44 that lie in planes {or strata) A and C, respectively,
that are disposed above and below the plane (or strata) B in
which coil 34 is disposed. Similarly, pole piece 38
includes a pair of elongated segments 46, 48 that are
respectively disposed in strata C and A. Strata B serves as
a transition layer to magnetically separate segments 36 and
48 from segments 38 and 44. The ends of segments 42, 46
disposed adjacent to storage medium 40 serve as the tips 37,
39, respectively, of pole pieces 36, 38. Tips 37, 39 are
spaced by a gap of predetermined width.

The other end of segment 42 is connected to segment
44 through a via 50 in strata B, which provides a path for
the flow of magnetic flux through pole piece 36 that is
surrounded by coil 34. Segments 46, 48 of pole piece 38 are
similarly connected together through the interior of coil 34
by via 52. Pole pieces 36, 38 are connected together by a
third via 54 that passes through strata B to join the ends
of segments 44 and 48.

In use, considering a read operation of a pair of
magnetic transitions 40a, 40b (collectively called a di-
bit) on storage medium 40 (which is travelling in the
direction of arrow 41 under head 30), magnetic flux P
eﬁanating from positive transition 40a enters the tip 37 of
pole piece 36, travels through yoke 32, and returns to
negative transition 40b from the tip 39 of pole piece 38.

As the flux is conducted through pole pieces 36, 38, it
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direction (i.e., downward as shown in Fig. 3) -- once as the
flux is coupled by via 50 from segment 42 to segment 44, and
again as the flux conducts from segment 48 to segment 46
through via 52.

The electrical signal induced in coil 34 by the
passage of flux through pole piece 36 adds to the electrical
signal generated in coil 34 by the conduction of the same
flux in pole piece 38, resulting in an increased signal
relative to a head in which the flux passes through the coil
only once. The two-pass configuration shown in Fig. 3 is
equivalent to doubling the effective number of turns of coil
34 without physically increasing the number of turns. 1In
general, if the number of coil turns is increased by (n) and
the number of passes through the coils is designated by (m),
an (n x m) improvement over a single turn coil and single
pass yoke is realized by the invention.

By including one or more additional coils 35 (shown
in dotted lines in Fig. 3) serially connected to coil 34,
the inductive coupling to yoke 32 can be increased still
further. For example, head 30 constructed with two coils
34, 35, each of which has 14 turns, would precduce the sane
electrical signal as a conventional head having a single
coil with 56 turns (2 coils X 14 turns/coil X 2 flux passes
through each coil = 56 turn~flux interactions).

Increasing the effective number of turns without the
need to physically build more turns into the coil has a
number of advantages. Because the actual length of the coil
need not be increased, increases in processing complexity,
overall coil inductance, and total coil resistance are
avoided.

Fig. 4 shows a top view of a thin film magnetic head
100 that includes a pair of planar coils 102, 104 disposed
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side by side in the same plane in strata B, instead of being
stacked, as are coils 34, 35 of Fig. 3. (Because coils 102,
104 are in the same plane, they can be deposited in the sane
process step, thereby eliminating as many as three hard bake
insulating layers, one conducting copper layer, and several
via exposures). Each one of a pair of elongated,
ferromagnetic pole pieces 106, 108 passes through each coil
102, 104. As discussed below, each pole piece 106, 108 is
formed in the presence of a magnetic field to have an easy
axis 110 that is in the plane of the pole piece and
perpendicular to a longitudinal axis 112 along which the
pole pieces 106, 108 are denerally disposed.

Pole pieces 106, 108 are spaced apart laterally by a
distance W over most of their lengths to limit magnetic flux
leakage therebetween and to provide sufficient room for two
passes through coils 102, 104. But the tip 114 of pole
piece 106 is disposed underneath the tip 116 of pole piece
108 and is spaced therefrom by a gap (see Fig. 3). Tips
114, 116 are parallel to longitudinal axis 112 and are
joined to the remainders of respective pole pieces 106, 108
by sections 118, 120, which are disposed at opposite angles
with respect to longitudinal axis 112. At the opposite end
of head 100, an angled section 122 of pole 108 overlays an
oppositely~angled section 124 of pole 106 and is connected
thereto by a via 126. Angled sections 118, 120, 122, and
124 also have an easy axis oriented perpendicular to
longitudinal axis 112.

Thin film magnetic head 100 is disposed in three
layexs or strata (strata A-strata C) that are deposited
sequentially during fabrication. First, layer pl is
deposited in the presence of a magnetic field to form
sections 130 and 134 of pole 106 and section 138 of pole 108
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130 includes angled region 118 and tip 114.

After a thin layer of insulation (not shown) is
placed over strata A, a copper layer is deposited to form
coils 102 and 104 in strata B. Each coil 102, 104 includes
numerous turns {each coil is shown with only two turns for
clarity). Specifically, coil 102 includes interconnected
paths 150, 152, and 134, with paths 156, 158, and 160
forming coil 104. Paths 150 and 156 are interconnected by
path 162. Paths 154 and 160 terminate at respective pads
166, 168. Pads 166 and 168 are connected to processing
circuitry 170, which drives coils 102, 104 during writing
and senses the signals produced on the coils by magnetic
flux during reading.

Then, another thin layer of insulation, not shown,
is deposited over coils 102, 104, and layer p2 is deposited
in the presence of a magnetic field to form section 132 of
pole 106 and sections 136 (including tip 116 and angled
section 120) and 140 of pole 104 in strata C.

Sections 130, 132, and 134 of pole piece 106 are
connected together by forming vias 180, 182 between layers
pl and p2 through strata B. Vias 184, 186 are formed in a
similar fashion to interconnect sections 136, 138, and 140
of pole piece 108. Via 126 is formed at this time as well
to connect pole pieces 106, 108 together.

In operation, considering a read cperation of a di-~
bit, magnetic flux P from emanating from the positive
transition (not shown) enters one of the pole pieces, for
example, pole piece 106 through its tip 114. The flux
passes through coils 102, 104 twice as it conducts through
pole pieces 106, 108: once as the flux passes through
segments 130, 132, and 134; and again as the flux is
conducted through segments 140, 138, and 136. The flux path
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transition (not shown) from tip 116 of pole piece 108. The
electric signal induced by the flux in each coil 102, 104 is
thus enhanced.

The magnetic fields that are applied during the
deposition of the pl layer and the p2 layer are oriented in
the plane of each layer and perpendicular to longitudinal
axis 112 to provide pole pieces 106, 108 with an easy axis
110 that is perpendicular to the elongated sections of the
pole pieces (i.e., sections 130-140). Thus, throughout most
of the length of pole pieces 106, 108, the magnetic flux ¥
travels perpendicular to easy axis 110 and thus is conducted
by rotation. (Note that flux conducts by rotation through
vias 126 and 180-186 because the vias are disposed
perpendicular (i.e., into the paper) to the planes of the
pole pieces.)

But the direction of flux conduction is not
perpendicular to easy axis 110 in angled sections 118, 120,
122, and 124, and as a result these regions of pole pieces
106, 108 conduct magnetic flux ¥ partially by wall motion.
However, pole pieces 106, 108 are constructed and arranged
so that the flux conducts through the poles predominantly by
rotation rather than by wall motion. Preferably, conduction
by wall motion is limited to 25% (most preferably 10% or
less) of the total flux conduction. As a result, the
deleterious effects of flux conduction by wall motion are
minimized.

Because the amount of flux conduction that occurs by
wall motion increases as the angle between the flux
conduction and easy axis 110 approaches zero, angled
sections 118, 120, 122, and 124 are disposed at relatively
small oblique angles (e.g., opposite 15 degree angles) with
respect to longitudinal axis 112. The flux conducts
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angle that each section makes with the longitudinal axis
allows the flux to conduct laterally along several domain
walls at once. If the flux encounters a domain wall that is
"pinned" by an impurity, it can freely transfer to another
wall and continue conduction.

Also, the lengths of the angled sections are small
to minimize the extent to which the flux is conducted
laterally with respect to longitudinal axis 112. This
correspondingly reduces the length over which the flux is
conducted by wall motion. For example, the total flux path
length provided by pole pieces 106, 108 is approximately 400
microns, but the distance of the flux path laterally with
respect to longitudinal axis 112 is less than 30 microns
(thus, the ratio of these lengths is greater than 10 to 1).

In addition, the yoke is constructed to minimize the
number of times that flux is conducted laterally with
respect to longitudinal axis 112 while still achieving
multiple passes through each coil 102, 104. That is, while
more pole pieces could be added to increase the number of
times that the flux is coupled through each coil, to do so
would increase the number of times that the flux is
conducted laterally to longitudinal axis 112 (and non-
perpendicular to easy axis 110) and thereby add to the
amount of flux conduction by wall motion. Applicant has
found that providing two passes through coils 102, 104
provides an acceptable balance between increased inductive
coupling and increased conduction by wall motion.

Other embodiments are within the scope of the
following claims.

For example, the easy axis can be induced in other
ways other than by depositing or annealing the pole pieces
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in the presence of a magnetic field. For example, the easy
axis can be formed by the so-called "angle of incidence®
method in which the ferromagnetic material is deposited at a
glancing angle to induce the easy axis at the angle of
deposit. Alternatively, the easy axis can be produced by a
combined selection of the magnetostrictive properties of the
material, the stress fields induced in the material during
deposition, and the geometry of the pole.

Referring to Fig. 5, thin film magnetic head 200 is
constructed to reduce the contribution of conduction by wall
motion still further. Pole pieces 202, 204 each include a
pair of segments that are disposed at oblique angles to the
longitudinal axis 206 of head 200 and that have different
easy axes 208, 210 oriented perpendicular to each segment.
As a result, magnetic flux ¥ flows perpendicular to easy
axes 208, 210 and is thus conducted by rotation throughout
the entire lengths of pole pieces 202, 204.

Head 200 is fabricated by forming segment 214 of
pole 202 and segment 216 of pole 204 parallel to each other
and along a line 220 disposed at an angle of approximately
15 degrees to longitudinal axis 206. Segments 214, 216 are
formed in the presence of a magnetic field that is oriented
perpendicular to the lengths of the segments (i.e.,
orthogonal to line 220) and in the plane of the segments.
After coil 230 is formed, segment 212 of pole 202 and
segment 218 of pole 204 are deposited parallel to each other
and along a line 222 disposed at an oblique angle to axis
206 opposite to that between line 220 and axis 206.

Segm%pts 212, 218 are deposited in the presence of a
magnetic field that is perpendicular to line 222 and in the
plane of the segments so that the easy axis 208 of segments
212, 218 is perpendicular to the lengths of the segments.



single flux interaTSlt 00, 1A pednseplaadount of flex=conducted by {he yoke

2
during reading ind el ectrical gjig@gnal in the coir,rand during
writing an increase “mm%l i s generatlied in the yoke_.in_fesponse to
the wite signal ap coil. I'n generat, the induced el ectrical

signal (during reading) and the induced flux (during witing) are increased

by a factor equal to the increased nunﬁérlﬁﬁ"f!ux i nteractions. The
invention will becong apgarent ol kR0t Peehobhosl.gn g848' Led desshbrtLey
is completed by connecting segments 212, 214 together

through via 224, interconnecting segments 216, 218 through
via 226, and connecting segments 214, 218 together through
via 228.

Thus, in operation, magnetic flux P that enters the
tip of, e.g., pole piece 202 is conducted down the length of
segment 212 by rotation, because the flux is perpendicular
to easy axis 208. The flux remains perpendicular to an easy
axis (easy axis 210) as it is transferred to segment 214
{and coupled through coil 230 for the first time), and thus
the flux is conducted by rotation through segment 214 and
into segment 218 for the return trip through coil 230. The
flux remains perpendicular to easy axes 208, 210 as it
passes through segments 218, 216, and thus completes its
conduction through pole piece 204 by rotation.

Near the tips 232 of pole pieces 202, 204, the flux
conducts partially by wall motion, because the direction of
flux conduction in each pole piece is not strictly
perpendicular to easy axes 208, 210. The overall effect of
the wall motion is slight, however, due to the short length
{e.qg., 5 microns) of tips 232.

Referring again to Fig. 4 and to Fig. 6, one way in
which flux conduction by rotation can be enhanced (and
conduction by wall motion avoided) in thin film head 100 is
to form pole pieces 106, 108 from two or more laminated
layers that have differently oriented easy axes of
magnetization. The use of laminated layers in a thin film
heag is the subject of U.S. patent application serial number
07/227,808, filed August 3, 1988, by Mallary et al.,
entitled "Flux Spreading Thin Film Magnetic Devices". The
application is assigned to the same assignee as this
application and is incorporated herein by reference.



Description of the Preferred Enbogrnents W first-briefly’ descrrﬁe t he

drawi ngs. Fig. 1 7Th i€ side vrem/dflanprror art magnetic head.
Figs. 2A-2C |IIust H n structure of\a ferromagneti.c-material at
rest (Fig. 2A), uction by mallcﬁetreﬂ'(Frg 2B), and during
fl ux conduction by rotation (Fig. 2C). Fig. 3 is a diagrammatic side view

of one enbodi ment of the thin film magnet,c head of the invention.

Fig. 6 illustrates segment 130 of pole 106 formed as
a pair of laninated layers 252, 254, it being understocd
that the remaining sections of pole piece 106 and the
sections of pole piece 208 are laminated in the same manner.
Layers 252 is formed in the presence of a magnetic fields
the orientation of which is selected to provide layer 252
with an easy axis 110a disposed perpendicular to the length
of seqgment 130. The direction of the magnetic field in
which layer 254 is formed is shifted so that the easy axis
110b of layer 254 is non-perpendicular to the length of
segment 130. Ideally, easy axis 110b is oriented
perpendicular to easy axis 1l1l0a (and is thus arranged
parallel to the length of segment 130, as shown in Fig. 6),
but axis 110b can alternatively be disposed at a smaller
angle with respect to easy axis 110a (for example, 45
degrees, or possibly 20 degrees or less).

In operation, magnetic flux conducts more easily by
rotation than by domain wall movement. Stated another way,
conduction by domain wall motion presents a higher impedance
to the conduction of flux than does conduction by rotation.
As magnetic flux F enters segment 130 at tip 114, it
conducts entirely by rotation in layer 252 (because there it
is perpendicular to easy axis 110a) and thus all of the flux
remains in layer 252 at tip 114. When the flux enters
angled region 118, it is perpendicular to neither easy axis
110a nor easy axis 110b and thus can not conduct purely by
rotation in either layer 252 or layer 254. However, because
of the domain structure of layers 252, 254, the flux can
conducts by rotation perpendicular to the easy axis of each
layer (e.g., layer 252) for a short distance before the
domain structure of the layer requires the flux to conduct
by wall motion. At this point, the flux is able to conduct
by rotation perpendicular to the easy axis of the adjacent



Fig. 4 is a top view of another enbodlnent of the-thin f|In1nagnét|c head

of the inventi onhikplget ‘Eﬁﬁﬁﬁﬁf view of a thrn\ £l m nngne;/l,aﬁhéad havi ng
t he general struct Fig. 6 shows & |ani hated pol e piece
according to anoth ian of the thin film=srEgnetic head of the
invention. Fig. 7 1s a top view of still another enbodinment of the thin

fil mmagnetic head of the invention. Fig.” 8&%Hows another embodi nent of the

UL and as a result, the flux jumps to the adjacent

layer 254,
layer so that it can travel through the path of least
impedance. The flux continues to jump back and forth
petween layers 252, 254 along the length of angled region
118 until it reaches the region of section 130 that is
oriented perpendicular to easy axis 110a. At this point,
the flux can conduct by rotation in layer 252 only, and thus
it remains in layer 252 as it passes through the remainder
of section 130.

The flux remains in the upper layer as it conducts
through sections 132, 134 (i.e., the layer having
perpendicular easy axis 110a), until it reaches angled
region 124. At this point, the flux jumps between the upper
and lower laminated layers 252, 254 as it seeks a path
through which it conducts entirely by rotation. The flux
resumes conduction in upper layer only when it reaches the
region of segment 140 that is disposed parallel to
longitudinal axis 112. The flux again conducts through the
upper and lower laminated layers when it reaches angled
section 120 of pole 108.

Referring to Fig. 7, the topology of the pole pieces
302, 304 of thin film head 300 is selected so that
lamination of, for example, the pole piece sections in,
e.g., strata A (Fig. 3) is unnecessary. The sections 304,
306, and 308 that are deposited in strata A all lie parallel
to one another and to axis 310. These sections are formed
in the presence of a magnetic field oriented perpendicular
to axis 310 so that sections 304, 306, and 308 all have an
easy axis 312 disposed perpendicular to their lengths.

After serially coupled coils 314, 316 are fabricated
(in strata B), the remaining sections 318, 320, 322 of pole
pieces 302, 304 are each formed from a pair of laminated
layers. The laminated layers of each section 318, 320, 322



whi ch the pol e pi pRLquided with magnetic tails. -6- Structure
and Qperation Reﬁgg%ﬁﬂfﬁ% Sple ) th|n f|In1naghet|c head 30 ThcFudes a
yoke 32 of ferroma ﬂ H H (such as a nickel ‘iron alloy) |ntertmnned
with a multiturn, (al so known as a-pancake. coil). .in;: such a
way as to

)
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are formed in the presence of orthogonal magnetic fields to
have orthogonal easy axes 324, 326, respectively. Easy axis
324 is parallel to easy axis 312, and easy axis 326 is
parallel to axis 310, although these orientations are not
necessary.

The fabrication of head 300 is completed by forming
vias to interconnect the pole piece segments as shown.

In operation, magnetic flux F enters pole piece 302
along longitudinal axis 310 and thus the direction of flux
conduction is perpendicular to easy axis 312 of segments 304
and 308, and perpendicular to easy axis 324 of segment 320.
Thus, the flux conducts by rotation along the entire length
of pole 302.

As the flux returns through pole 304, it also
conducts entirely by rotation. This is beause the
orthogonal easy axes 324, 326 of laminated segments 318 and
322 cause the flux to jump back and forth between the lavyers
of the lamination to find the conduction path of least
resistance (as discussed above), and because the direction
of flux conduction in segment 306 is perpendicular to easy
axis 312.

One advantage of the arrangement of Fig. 7 over a
head in which all layers are laminated is that fewer process
steps are needed to form the poles. Additionally, because
the pole sections disposed underneath (and thus below) coils
314, 316 are not laminated and do not include layers having
different easy axes orientations, and there thus is no risk
that the relative easy axes orientations could be disturbed
by the high processing temperatures used to fabricate the
coils.

Referring to Fig. 8, the pole pieces 402, 404 of
thin film magnetic head 400 are provided with regions 40s,
406 known as magnetic "tails."™ Magnetic tails are described
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provide nmultiple flux interactions between yok, ﬁz and COI| 34 and t her eby
si gni ficantly i ncrigases: HaBdmRigbtdve coupling | -7- ntherebétmeed as
Speci fically,

conpared with conv il mmagnetic k .
yoke 32 is constru pi eces 36, 38 (i.e., arns) that are woven
t hrough coil 34 so ghetic flux interaggs W th

in my U.S. pPatent No. 4,931,886, issued June 5, 1990 and

entitled "Apparatus and Methods to Suppress Perpendicular
Fields in Longitudinal Recording"”, which is assigned to the
present assignee and incorporated herein by reference.

Each magnetic tail 406, 408 has a much larger surface area
than that of the remainder of the corresponding pole 402,
404. For example, the surface area ratio of each tail to
the remainder of the pole is at least 5:1 and preferably
10:1 or greater.

The result is that each tail presents a low
impedance leakage path from its pole to the surrounding air,
thereby eliminating the need to complete the flux path
between poles 402, 404 by connecting the poles together at
their far ends (i.e., the ends disposed opposite to tips
405).

In operation, magnetic flux F enters pole 402 from
the storage medium (not shown) and is conducted by pole
piece through coil 410. The flux is then coupled 412 out of
pole piece 402 into the surrounding air via tail 406. Tail
408 acts like an antenna to pull in flux 414 from the
surrounding air and couple it as return flux to the storage
medium to complete the flux path through head 400. The flux
as it conducts through pole 404 passes through coil 410,
thereby providing the enhanced inductive coupling between

i pole pieces 402, 404 and the coil discussed above.

Pole pieces 402, 404 are constructed and arranged
according to any of the techniques described above to
enhance the conduction of magnetic flux therethrough by

.rotation. For example, pole pieces 406, 408 have easy axes
3 oriented perpendicularly to the direction of flux conduction
through the poles. Because flux ¥ is not required to change
direction (i.e., from pole piece 402 to pole piece 404) as
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Coil" 34 twi ce as the flux is conducted through poke=pi eces 36, 38 to or
from magneti c storage ' £@ptacpb| e pi ece 36 incltibdes a pair of el ongated

|
segnents 42, 44 tiwisS i \% (or strata) Aiand G ¥espectively, that
are di sposed above \ ‘&\\&t | ane (or stratafBin which coil 34 is
di sposed. Simlarly, i'eéce 38 includes a pair -of elongated segnents
46, 48 that are respectively disposed in strata C and A Strata B serves as

atransition layer to magnetically separat2lsegnents 36 and 48 from

segnents 38 and 44. The ends of segments 42, 46, . 11 moti
it flows through head 400, conduction by domain wa motion

is further avoided.



di sposed adj acent to storage nedium 40 serve as the. tips 37, 39, .
respectively, of pole §i%g%§&gﬁ$d38. Ti ps 37, 39 are.spaced by a gap of

predet er m ned Wiqglisiahee end of segnent 42ﬂLﬁ;ébnnected“to'seQnent 44
t hrough a via 50 ich provides a pé for-the £ ow-ofl
magneti c fl ux thré ce 36 that is surrounded by coil 34. Segnents
46, 48 of pole piece 38 are simlarly connéct’®d toget her through the
interior of coil 34 by via 52. Pole pieces 36, 38 are connected together by
a third via 54 that passes through strata éiﬁéﬁFbin t he ends

1. A thin film magnetic transducer formed in a

plurality of layers and comprising

a yoke having a plurality of arms, at least one said
arm having segments respectively lying in separate said
layers and connected through a transition layer, and

a coil having a plurality of turns and being
intertwined with said yoke to provide at least two flux

interactions therebetween.

2. The transducer of claim 1 wherein said yoke is
constructed and arranged to conduct flux predominantly by
rotation rather than by wall moticn.

3. The transducer of claim 2 wherein said yoke is
constructed and arranged so that no more than 25% of flux
conduction occurs therein by wall motion.

4. The transducer of claim 2 wherein said yoke is
constructed and arranged so that no more than 10% of flux
conduction therein occurs by wall motion.

S. The transducer of claim 1 wherein said layers
are connected by a via.

6. The transducer of claim 1 wherein said coil lies
at least in part in said transition layer.

- 7. The transducer of claim 1 further comprising at
least one other coil intertwined with said yoke.

*w []
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of segnents 44 and 48. |In use, consid ring a read-operation 6f g pair of
magneti c tranS|t|0nS'ﬁﬁﬂmaﬂB@ ively cgrléd a di- bit) onistorage
medi um 40 (which is tr directi@n of arrow 41_undes head 30),
magnetic flux F enanatl ve transi-tron 40a enters the tip 37 of
pol e piece 36, travels rough yoke 32, and returns to negative transition
40b fromthe tip 39 of pole piece 38. As the flux is conducted through pole
pi eces 36, 38, it - 23 -

8. The transducer of claim 7 wherein each one of

-.1id coils are disposed at least in part in said transition

layer.

9. The transducer of claim 1 wherein said coil has

at least two turns.

10. A thin film magnetic transducer comprising

a yoke having a plurality of relatively long arms
extending generally along a first direction connected by a
relatively short portion extending generally transverse to
; said first direction, said arms each having an easy axis of
i magnetization oriented transverse to said first direction so
7  that flux will conduct through said arms predominantly by
3 rotation rather than by wall motion, and
3 a coil intertwined with said yoke to provide at
3 least two flux interactions therebetween.

1 11. The transducer of claim 10 wherein said arms
are constructed and arranged so that no more than 25% of
3 flux conduction occurs therein by wall motion.

12. The transducer of claim 10 wherein said arms
are constructed and arranged so that no more than 10% of
flux conduction therein occurs by wall motion.

13. The transducer of claim 10 wherein said easy
2 axis of magnetization is perpendicular to said first

direction.

14. The transducer of claim 10 wherein said
relatively short portion extends obliquely to said first

I



-8- passes through the interior of coil 34 twce in-the:sane dbrectlon
(i.e., dowmward as shown in Fig. 3) -- once Es the flux is- coupled by via
50 from segnent A4BisiShees meaﬂ&ﬂ&xdand again d'the flux. congggws from

segnent 48 to seg via 52. Thelg;ggLn4eat Signal induced in
coil 34 by the pas hrough pol e piece 36 adds to the electrica

- 24 -

Jdirection to reduce the flux conduction by wall motion in

~aid relatively short portion.

15. The transducer of claim 10 wherein said yoke
mprises only two of said relatively long arms, each one of
which is intertwined with saild coil so that a total of two
flux interactions are provided between said yoke and said

colil.

16. The transducer of claim 10 wherein at least
said relatively short portion includes a plurality of layers
having different easy axes of magnetization at least one of
which is transverse to the direction of flux conduction in
said relatively short portion to reduce the amount of flux
conduction that occurs by wall motion therein.

17. The transducer of claim 16 wherein said layers

are laminated.

. 18. The transducer of claim 16 wherein one of said
different easy axes of magnetization is perpendicular to

3 said first direction.

1 19. The transducer of claim 16 wherein at least one
2 of said plurality of arms includes a portion that extends
3 obliquely to said first direction, said portion including
4 said plurality of layers to reduce the amount of flux
5 conduction that occurs by wall motion therein.

20. A thin film magnetic transducer comprising

a yoke having a plurality of arms each of which has
3 at least one easy axis of magnetization, and

A
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si gnal generafﬁﬂ Hco 34 by the conduction o?=¥h6“sane flux-ismpole T

piece 38, resulting in an |ncreased si gnal relatﬂbé to a head in which the

flux passes thro once. The tmu_pgss ‘cohfi-guration shown in
Fig. 3 is equival l the effective nunber of TUrHs of~ coil 34
w t hout physicall e nunber of turns. In general, if the

nunber of coil turns is |ncreased by (n) andsthe number of passes through
the coils is designated by (n), an (n x m |nprovenent over a single turn

coil and single pass yokg,if {eadtzaethdy Jien dWRMYML to provide at

Jeast two flux interactions therebetween,
at least one said arm having elongated segments

oblique to each other and having easy axes of magnetization
respectively transverse to the directions of flux conduction
through said segments, one of said oblique segments being
joined to the other said arm so that flux can pass between
said arms without flowing parallel to the easy axis of
either said segment or said other arm.

21. The transducer of claim 20 wherein said
transducer is formed in a plurality of thin film layers, and
said obligque segments lie in separate said layers, said one
of said segments being joined to said other arm through an
intermediate portion extending between said layers.

22. The transducer of claim 20 wherein said
transducer is formed in a plurality of thin film layers with
said oblique segments lying in separate said layers and
being connected together through a transition layer, said

i coll lying at least in part in said transition layer.

. 23. The transducer of claim 20 wherein the easy
axis of each one of said segments is perpendicular to a
3 direction along which said segment generally extends.

24. The transducer of claim 20 wherein each one of
said plurality of arms have elongated segments oblique to
each other and have easy axes of magnetization respectively
transverse to the directions of flux flow through said

M B W N e

segments.
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By including one or nore additional coils 35 (shown in dott_ed..-l._,-_i-_qes in Fig.
3) serially connect eﬁjt%ﬁ%hae%m{eptak@ i nductive..coupling to yoke 32 can be
h

i ncreased still furt , head 30 cdopstructed with two coils
ﬂ‘) woul d produce the sane el ectt+t cal
\Y

B AR N -

34, 35, each of whic “sa

signal as a conventio ing a single dei=wth 56 turns (2 coils X
14 turns/coil X 2 flux passes through eachygoil = 56 turn-fl ux

i nteractions). Increasing the effective nunber of turns wi thout the need to
physical 'y build nmorestur mhed th@ris@icad lofth@dadm 24 wherein said

; transducer is formed in a plurality of thin film layers with
; sald oblique segments of each one of said arms lying in
separate said layers, the segments that are disposed in a

o

first one of said layers extending generally in a first

N

direction and having easy axes of magnetization
perpendicular to said first direction, and the segments that
are disposed in a second one of sald layers extending

W e -3 o

generally in a second direction oblique to the first
0 direction and having easy axes of magnetization

1 perpendicular to said second direction.

1 26. A thin film magnetic transducer comprising

2 a yoke having a plurality of arms, at least cne of

3 which includes a plurality of segments, some of said

4 segments extending for flux flow along a first direction,

5 others of said segments extending for flux flow along a

6 direction transverse to said first direction,

7 at least one of said segments having laminated sub-
8 layers, said laminated sub-layers having easy axes of

3 magnetization that have different orientations, and
Lo a coil intertwined with said yoke to provide at
1  least two flux interactions therebetween.

1 27. The transducer of claim 26 wherein at least cne
2 of the segments that extends for flux flow along a first

3 direction has said laminated sub~layers, the easy axis of

4 one of said sub~layers being perpendicular to said first
5 -airection.

1 28. The transducer of claim 27 wherein the easy

2 axis of the other one of the laminated sub-~layers of said at
3 least one segment is parallel to said first direction.

LTI
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nunber of aglvantages. Because the actual |ength of “the-coil -need..not be

i ncreased, increases |n_ R{98€8 & conpl exity, ﬁvéﬂall~coil inducﬂgncez and
' 5 Fig. 4 showsja top viewof a thin film

total coil fesistafbigsis jla_top view hi
magneti c head 100 th \ air of planar coi'lTs  102,"-104--dFsposed
side by sidge in the ne in strata B,.instead of being

29. The transducer of claim 27 wherein the easy
axis of the other one of the laminated sub~-layers of said at

y least one segment is bligque to said first direction.

) 30. The transducer of claim 26 wherein said

y transducer is formed in a plurality of thin film layers, the
7 segments that extend for flux flow along said first

i direction being disposed in a first one of said layers and

5 having an easy axis of magnetization oriented perpendicular
to said first direction, and the segments that extend for
flux flow along said transverse direction being disposed in
a second one of said layers and having said laminated sub-

layers.

31. The transducer of claim 30 wherein one of the
laminated sub-layers of said segments that are disposed in
said second thin film layer has an easy axis of
magnetization perpendicular to said first direction.

o B e

1 32. The transducer of claim 31 wherein said
2 laminated sub-layers of said segments that are disposed in
'3  said second thin film layer have orthogonal easy axes.

1 33. The transducer of claim 30 wherein at least one
2 of the segments in said first layer is connected to a

3 segment in said second layer through a transition layer,

4 with said coil being disposed at least in part in said

5. transition layer.

1 34. The transducer of claim 33 wherein said second

2  thin film layer is disposed above said transition layer and
3 is formed after the transition layer is formed.

A ) Y R
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stacked, asjare coils 34, 35 of Fig. 3. (Because coils 102, 104 are in the
sane pl ane, |t hey ﬁ@g&@@nﬁﬂﬁﬁsRﬂbﬁﬂln the same|process step;: “thereby

el i m nating| as nan bake |nsula'|ng Iayers one oqnductlng
f and osures) Eac el ongat ed,

copper | ayef,

ferromagnet) c pole

di scussed bgl
magnetic fijel
pi ece and p%r

L) (<19 [¥ ) e [ 2 XY [

Yo%y
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108 passes % rough each corr“fﬁ 104. As
ow, each pole plece 106, 108 formed in the presence of a
d to have an easy axis 110 that is in the plane of the pole

pendi cul ar to a | ongitudinal axis 112 al ong which the
35. The transducer of claim 1, 10, 20, or 26

wherein at least one of said arms includes a portion of
relatively small surface area adapted to be disposed
adjacent to a storage medium and transfer flux between said
arm and said medium, and a portion that has a relatively
large surface area to cause flux in said arm to be radiated
from said arm to regions adjacent to said transducer
preferentially to being conducted to another one of said

arms.

36. The transducer of claim 35 wherein said another
one of said arms includes a portion of relatively small
surface area adapted to be disposed adjacent to said storage
medium, and a portion of relatively large surface area to
cause flux in regions adjacent to said transducer to be
conducted into said arm for conduction to said medium via

said portion of relatively small surface area.

37. The transducer of claim 36 wherein said coil is

intertwined with each cne of said arms in a region
intermediate said portion of relatively small surface area

and said portion of relatively large surface area.

A R



pol e pieces 106, 108 are generally di sposed._Pol e -pieces’ 106 108 are
spaced apart laterally by a distance Wovelf rmst of their" Iengt hs to limt
magnetic flux | eakage therebetween and to provide: suffjcient-roomfor two
passes through coils 102, 104. But the tip +=pol e pi ece 106 is
di sposed underneath the tip 116 of pole piece 108 and is spache sheHa HetRenlaced
by a gap (see Fig. 3). Tips 114, 116 are parallel to |ongitudi
and are joined to the remainders of ABSPBAGYe pol e pieces 106”mugnmmim{i"
sections 118, 120, which are disposed at opposite angles

TRANSDUCER WITH IMPROVED INDUCTIVE COUPLING

A thin film magnetic transducer formed in multiple layers and comprising
a yoke having a plurality of arms, at least one of which has segments lying in
separate layers and connected through a transition layer, and a multiturn coil
intertwined with the yoke to provide at least two flux interactions between the
yoke and coil. The transducer is constructed to enhance flux conduction by

rotation and minimize flux conduction by wall motion in the yoke.
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withr spect to |l ongitudinal axis 112. /°A£ the.opposite-end-of head 100, an

angl ed'section 122 of pole 108 overl ays an-opp05|tely angl ed section 124 of
pol e 106 and is connected thereto by a vial126. Angled sections 118, 120,
122, and 124 al so have an easy axis orient :perpendrcu%ar~fd | ongi t udi nal
axis 112. Thin filmmagnetic head 100 is disposed in three |layers or strata
(strata A-strata C) that are deposited sequentially during fabpi.cation

First, layer pl is deposited in the presence of a magnetic f.e}ﬁ”ﬂ;t/iﬁ/rlll/l/’/[’i/ced

pol? '8 ' coit 16
AR

tips

!6/? .—1;-{ y ™~ yoke 14

pole 18

medium 12

(PRIOR ART)

FIG.l
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secti on® 130 and 134 of pol e 106 and sectlon 138 of pol e 108_ on an

I nsul ating substrate (not shown) in strata ﬁF"Sectlon 130 i ncl udes angl ed
region 118 and tip 114. After a thin layer of “I'nsul ati on (not, shown) is

pl aced oyer strata A, a copper layer is dEQQ§LLed t.o.form-coists 102 and 104

in strath B. Each coil 102, 104 includes nunmerous turns (each coil is shown
with only two turns for This Sheet Has B

U
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A
Specifically, coil 102 includes interconnected paths 150, 152,
with paths 156, 158, and 160 formmg.coeil- 104. Paths 150 and 156

are intierconnected by path 162. Paths 154 a;hd -1:60: term nate at: respective
pads 166, 168. Pads 166 and 168 are connect; d to .processing. C|rCU|try 170,

whi ch drives coils 102, 104 during witing ~Senses t’he signal s produced
on the jcoils by magnetic flux during readi ng Then, another thin | ay er of g
i nsul atji on, not shown, is deposited over coils 102, 104, andhis eplace
deposi tjed \ mii H“\
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in thégresence of a magnetic field to formsectlon 132._of .pole-106 and

sectio

in stra
t oget he
B. Vias
136, 13
to conn
operati

136 (including tip 116 and angl ed séfflon 120) and. 140 of pole 104
ta C. Sections 130, 132, and 134 of poje plece 106 are cpnnected
| by forming vias 180, 182 between | ayers-pl:and-p2-t-frough strata
184, 186 are forned in a sinilar fashion to interconnect sections
B, and 140 of pole piece 108. Via 126 is forned at this tinme as well

ect pol e pieces 106, 108 together. In operation, consiléi ﬁ'ﬂﬁﬁB qaReplaced

e i




bit, magmetic flux F from enanating fromthe poéitive transition (not
shomn) enters one of the pole pieces, for exanpe, pol e piece 106 through
its tip 114. The flux passes through coils 102, 104 twice as it conducts

t hrough pol e pieces 106, 108: once as the flux pgsses .t hrough. segnents 130,
132, and'134; and again as the flux is conductedlihrou gh_&egnen%5w140 138,
and 136. The flux path
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-11- is conpleted by the return of the fluX to the negative transition (not
shown) fromtip 116 of pole piece 108. The electric signal induced by the
flux in each coil 102, 104 is thus enhanced. The magnetic fields that are
applied during the deposition of the pl |ayer and-the p2 | aye’r"f_:e‘if'ie oriented
in the plane of each |ayer and perpendicular td tongitudi nal "axisj 112 to
provi de pol e pieces 106, 108 with an easy axi s'\‘-.élo that is.perpendicular to
t he el ongated sections of the T

This Sheet Has Been RT
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et AN t’

pol € pi eces(i x~sectlons 130- 1%Sheéfﬁusaeertma hout. most_of the length

of pole pleces 106\ 108, the nagne els pé@@@nd*cu1ar to easy
axi s 110 and thus ils conducted by thab'flux ‘conduct sty ﬂ
rotation through: V|as 126 and 180-

ecause the vi asi are p
perpendi cular (i.e.,"into the paper) to the planes of Lge_pggz;ﬁgg %%s)tfut
the direction of qux conduction is not gerpendlcular to easy axis ITI0 T
angl ed sections 118, 120, 122, and 1247 #hd as a result these regions of
pol e pi eces

Claims

1. A thin film magnetic transducer formed in a
plurality of layers and comprising

a yoke having a plurality of arms, at least one said
arm having segments respectively lying in separate said
layers and connected through a transition layer, and

a coil having a plurality of turns and being
jntertwined with said yoke to provide at least two flux

interactions therebetween.

2. The transducer of claim 1 wherein said yoke is
constructed and arranged to conduct flux predominantly by
rotation rather than by wall motion.

3. The transducer of claim 2 wherein said yoke is
constructed and arranged so that no more than 25% of flux
conduction occurs therein by wall motion. '

4. The transducer of claim 2 wherein said yoke is
constructed and arranged so that no more than 10% of flux
conduction therein occurs by wall motion.

5. The transducer of claim 1 wherein said layers
are connected by a via.

6. The transducer of claim 1 wherein said coil lies
at least in part in said transition layer.

. 7. The transducer of claim 1 further comprising at
least one other coil intertwined with said yoke.

(3
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106, 108 conduct magnetic fl uxgi{‘:i a ever,..pol e

r agl Rb aw@ll e

pi eces 106, 108 are constructe v I ORRs O thaIltHﬁPtﬂSHKmﬁﬁﬂﬂﬂﬁﬁéw
t hrough t he. pol es predom nantly ﬂ B ﬁ ﬁt her tihan b§ yvagm mgé;“on';
Preferably, conduction by wall ed to

—

10% or less) of the total flux conduction. As a res
effects of flux conduction by wall notion are mnimzed. Because the anopunt
of flux conduction that occurs by maIL_QR;Lpn i ncreases as the angle

bet ween the fl ux

8. The transducer of claim 7 wherein each one of

s.id coils are disposed at least in part in said transition

layer.

9. The transducer of claim 1 wherein said coil has

at least two turns.

10. A thin film magnetic transducer comprising

a yoke having a plurality of relatively long arms
; extending generally along a first direction connected by a
relatively short portion extending generally transverse to
;i said first direction, said arms each having an easy axis of
3 magnetization oriented transverse to said first direction so
7  that flux will conduct through said arms predominantly by
3 rotation rather than by wall motion, and
3 a coil intertwined with said yoke to provide at
3 least two flux interactions therebetween.

1 11. The transducer of claim 10 wherein said arms
are constructed and arranged so that no more than 25% of
3 flux conduction occurs therein by wall motion.

1 12. The transducer of claim 10 wherein said arms
are constructed and arranged so that no more than 10% of
3 flux conduction therein occurs by wall motion.

1 13. The transducer of claim 10 wherein said easy

axis of magnetization is perpendicular to said first
direction.

14. The transducer of claim 10 wherein said
relatively short portion extends obliquely to said first

AR



- ameis

conduction and easy axis 1101$ R[ O Q eﬂle -qangl ed %bﬁg ons-l&Bf l2QT‘
122, and 124 are di sposed at | oblique\ang %gl @ ? -
opposite 15 degree angles) wt Hm ongi t udi nal g ’%%@ f1y
conduct s -12- laterally (w | ongi t udi n : ==

the domain walls of angled sections 118, 120, 122, and the snall

- 24 -

Jdirection to reduce the flux conduction by wall motion in

-aid relatively short portion.

15. The transducer of claim 10 wherein said yoke
comprises only two of said relatively long arms, each one of
which is intertwined with said coil so that a total of two
flux interactions are provided between said yoke and said

coil.

16. The transducer of claim 10 wherein at least
said relatively short portion includes a plurality of layers
having different easy axes of magnetization at least one of
which is transverse to the direction of flux conduction in
said relatively short portion to reduce the amount of flux
conduction that occurs by wall motion therein.

17. The transducer of claim 16 wherein said layers

are laminated.

18. The transducer of claim 16 wherein one of said
! different easy axes of magnetization is perpendicular to
3 said first direction.

L 18. The transducer of claim 16 wherein at least one
2 of said plurality of arms includes a portion that extends
3 obliquely to said first direction, said portion including
4 said plurality of layers to reduce the amount of flux
S conduction that occurs by wall motion therein.

20. A thin film magnetic transducer comprising

a yoke having a plurality of arms each of which has
3

at least one easy axis of magnetization, and

) )



angl e that - eact-S§86T i on nakes wi trttsshegap qu ncﬁl aX| s “all ows the FiUX to
conduct laterally al ong several

&Pl qm o diets y“r'?'

encounters a domain wall that is " |npur|ty-

transfer to another wall and cont| Al so, he I&r]g{}[};@ the
angl ed sections are small to mnim ze the extent to whi cfp Rdie i ux.i-857......
conducted laterally with respect to |ongitudinal axis 11 TR g ]

correspondi ngly reduces the I ength over  im ¢h the flux is conducted by wal
motion.  For exanple, égfltfﬁéérébyéeﬁaﬁﬁth said yoke to provide at
Jeast two flux interactions therebetween,
at least one said arm having elongated segments
oblique to each other and having easy axes of magnetization
respectively transverse to the directions of flux conduction
through said segments, one of said oblique segments being
joined to the other said arm so that flux can pass between
said arms without flowing parallel to the easy axis of

either said segment or said other arm.

21. The transducer of claim 20 wherein said
transducer is formed in a plurality of thin film layers, and
said oblique segments lie in separate said layers, said one
of said segments being joined to said other arm through an
intermediate porticn extending between said layers.

22. The transducer of claim 20 wherein said
transducer is formed in a plurality of thin film layers with
said oblique segments lying in separate said layers and
being connected together through a transition layer, said

v coil lying at least in part in said transition laver.

. 23. The transducer of claim 20 wherein the easy
! axis of each one of said segments is perpendicular to a
} direction along which said segment generally extends.

24. The transducer of claim 20 wherein each one of
said plurality of arms have elongated segments oblique to
<2ach other and have easy axes of magnetization respectively
transverse to the directions of flux flow through said

oS W N e

sSegments.
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| engt h urOV|ded by pole pleces 106 108 | S appr X gately 400 m crons, but
the distance of the flux path Iaté? &ct to | GRgFEEdRaE axrs— =
112 is less than 30 microns (thus, 1 ‘g hese | engt REPY&-Gieat er<7 i
than 10 to 1). In addition, the yok ed to minimzg {HLH 1
of tinmes that flux is conducted laterally with respect toll%ﬁgltudlnal aX|sj
112 while still achieving nultiple passegs through each cor )

is, while nore pole pieces could be addet’to increase the nunber of times

t hat thelflux s CQ§P|eghgh£Q§deﬁ%%Q Sg'kiaﬁﬁ 99 wlerein said

; transducer is formed in a plurality of thin film layers with

; saild oblique segments of each one of said arms lying in
separate said layers, the segments that are disposed in a

e

first one of said layers extending generally in a first

wn

direction and having easy axes of magnetization
perpendicular to said first direction, and the segments that

are disposed in a second cone of said layers extending

N o9 -3 o

generally in a second direction oblique to the first
g direction and having easy axes of magnetization
1 perpendicular to said second direction.

26. A thin film magnetic transducer comprising

a yoke having a plurality of arms, at least one of
which includes a plurality of segments, some of said
segments extending for flux flow along a first direction,
others of said segments extending for flux flow along a
direction transverse to said first direction,

at least one of said segments having laminated sub-~
layers, said laminated sub-layers having easy axes of

A B w1 Y W e W B

magnetization that have different orientations, and

[y
o

a coil intertwined with said yoke to provide at

o
b

least two flux interactions therebetween.

27. The transducer of claim 26 wherein at least one
of the segments that extends for flux flow along a first
direction has said laminated sub-~layers, the easy axis of
one of said sub-layers being perpendicular to said first

IS ; DI - T PV B % B

direction.

1 28. The transducer of claim 27 wherein the easy

[, 8]

axis of the other one of the laminated sub-layers of said at

(9%

least one segment is parallel to said first direction.
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woul d i ncrease the nunber of tinmes that the flux is conduct ed laterally to

| ongi tudi nal axis 112 (and non- pememiibtcmlsaéenh R8Py f#xis.. 110} - and.ther eby

add to the anount of fl ux conductlo :pI I'C é nd
Emglﬁr ovi des.. a?gcggzt‘ 3y

that providing two passes through c MH ______
bal ance between increased inductive cou ncr eiséd” EoHdUCTT 60 h\l
wal | notion. O her enbodi nents are within the scope of the foll ow ng

clainms. For exanple, the easy axis can be induced in other
ABSTRACT

J

TRANSDUCER WITH IMPROVED INDUCTIVE COUPLING

A thin film magnetic transducer formed in multiple layers and comprising
a yoke having a plurality of arms, at least one of which has segments lying in
separate layers and connected through a transition layer, and a multiturn coil
intertwined with the yoke to provide at least two flux interactions between the
yoke and coil. The transducer is constructed to enhance flux conduction by

rotation and minimize flux conduction by wall motion in the yoke.

Figure 3



ways ot her than by depositing or annealing the pole pieces  -13- in the &
presence of a magnetic field. For exanple, the easy ax|[s..can be. for ged py:

the so-called "angle of incidence" method in which the!|f&rrotegnetic =" i
material is deposited at a glancing angle to induce thg

: easyJagi prptaddhe .
angl e of deposit. Aternatively, the easy axis can be r[g"&uced“'b%mg'%m |
1/6
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conbi ned sel ection of the magnetostrictive properties of the material, the
stress fields induced in the material during dep05|t|0n _and_the. g(a—eme.try
of the pole. Referring to Fig. 5, thin film magneti f‘&/ d—ZOO IS oy
constructed to reduce the contribution of conductloh \ﬁ rmtlon stil |
further. Pole pieces 202, 204 each ixglude a pair of| segr ritﬁ[:rh%sare,

di sposed at oblique angles to the | ongitudinal-axis L2086z
that have different easy axes 208, 210 oriented perpendicular to each

segnent. As a result, magnetic flux F flows perpendi cuI ar to easy
heet Has Been Replaced
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axes 208, 210 and is thus conducted by rotatlon throughquL,;heﬂeﬁtrre,,:TT\
| engt hs of pole pieces 202, 204. Head 200 is fabricated yrﬁmrn1ng segnbnt

214 of pole 202 and segnent 216 of pole 204 parallel to gach ¥
along a line 220 di sposed at an angle of approximately 1% dagy ";;;:LJ
| ongi tudi nal axis 206. Segnents 214, 2lfygare forned in t
magneti c field that is oriented perpendicular to the |lengths of the

segnents (i.e., orthogonal to line 220) and in the plane OEht§%a§ﬁ9ﬁ§Qk Shiaced

e cont o s formma seoment iz et ete 20N
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.-
segrment 218 of pole 204 are deposited parallel” to each other and along a
line 222 disposed at an oblique angle to axis 206 opposite-to that between
line 220 and axis 206. Segnents 212, 218 are deposited jinpihe PresSence. of a
magnetic field that is perpendicular to line 222 and inlithe p|ane of "the
segnents so that the easy axis 208 of spggnents 212, 218ﬂigﬁp. de@@Tcuar to
t he |engt hs of the Segn’ents, ............................. 1

]
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-14- The magnetic flux path through pole pieégé'zoz 204 is conpleted by
connecting segnents 212, 214 together through via 224, -LnLELCOﬂﬂQCtIng__

segnents 216, 218 through via 226, and connecting segnEEFéu214 218~

=i
h

t oget her through via 228. Thus, in operation, magnetic ¢qu F that entersﬂ
the tip of, e.g., pole piece 202 I s cénduct ed down the!lgn 7OBC§ nt'

212 by rotation, because the flux is perpendicular to
flux remai ns perpendicular to an easy

axi-s 208" " The 5
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axis (easy axis 210) as it is transferred to>segnent 214 (and coupl ed

t hrough coil 230 for the first tinme), and thus the flux is conducted by
rotation through segnent 214 and into segnment 218 for ﬂﬁngﬁ?UFﬂitﬁhp:::rj
t hrough coil 230. The flux remains perﬁggdicu|ar to eaéy“akéé¢2ﬁ8ﬁi21ﬂ€a§]

it passes through segnments 218, 216, and thus conpletesjits gop?gﬁtgﬁg ,
t hrough pol e piece 204 by rotation. Near the tips 232 f?ﬁeh -piecesi 202, |-
204, the flux conducts partially by wall notion, becau e drrectrer—of
flux conduction in each pole piece is not strictly

This Sheet Hag Been Replaced
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.perpendl cular to easy axes 208 210 The overall effect of the wall notion
Is slight, however, dug ' gt h (e.g. 5——mﬂerens) ~oftiips=232.
Referring again to Fig, hbne way i nli | VIR R4 U icomllicti on
by rotation can be enhg bn by wal | || m)tlon avm@gﬁ\) i thin
filmhead 100 is to formpole p 3 961 108" from | stk natied

| ayers that eatl HisfR2E adegOr i ent ed” éasy axes of =THe—use
of | am nated ﬂ"’ ﬁlnfllmheadlsthe subj ect of U. S. patent

| et juvudil

application s ABSTRACT

TRANSDUCER WITH IMPROVED INDUCTIVE COUPLING

A thin film magnetic transducer formed in multiple layers and comprising
a yoke having a plurality of arms, at least one of which has segments lying in
separate layers and connected through a transition layer, and a multiturn coil
intertwined with the yoke to provide at least two flux interactions between the
yoke and coil. The transducer is constructed to enhance flux conduction by

rotation and minimize flux conduction by wall motion in the yoke.

—

Figure 3



07/227,808,. filed August 3, 1988, by Mallary ‘et al.r_gggLLLeQ:&EL
Spreadi ng Thin Fil m Magnetic Devices". The applicatﬂghfhgggsshgmedfnb‘the
sanme assignee as this application and is incorporat her ei n gx { ?erqnce.
-15- Fig. 6 illustrates segnent 130 of pole 106Afor‘ S 8 B reiTar.... -

| aminated layers 252, 254, it being urderstood ~ ==

TRANSDUCER WITH IMPROVED INDUCTIVE COUPLING

Background of the Invention

This invention relates to thin film magnetic
transducers (i.e., heads).

Referring to Fig. 1, a typical thin film magnetic
head 10 for writing information on or reading information
from a recording medium 12, such as a magnetic disk,
resembles a horseshoe-shaped yoke 14 of ferromagnetic
material (such as nickel-iron) around which a coil 16 is
wrapped. Yoke 14 includes a pair of pole pieces 18 the tips
of which are located closely adjacent to medium 12.

Information is written on medium 12 by passing
electrical current through coil 16 to induce a corresponding
magnetic flux in yoke 14. The magnetic flux is conducted
through one of the pole pieces 18 to medium 12 via the tip
of the pole piece. Changes in the flux caused by varying
the electrical current are recorded as magnetic transitions
on medium 12. The flux circuit is completed by the return
of the magnetic flux to thin film head 10 via the other pole
piece. During reading, as head 10 is passed over a pair of
magnetic transitions 15, 16 (known as a di-bit) on medium
12, flux emanating from positive transition 15 is conducted
up through the one of the pole pieces 18 and returned by the
other pole piece to the negative transition 16. The flux
conduction through yoke 14 induces a corresponding
electrical signal in coil 16.

~ The amount of flux imparted to the yoke during
writing by the coil depends upon the write current level,
the number of coil turns, and the reluctance of the pole,
among other factors. Similarly, the level of the voltage

induced in the coil during reading depends upon factors such



t hat- the-remai ni ng sections of pole piece 106 and the sections of pole
piece 208 are lamnated in the sane manner. Layers 252 is forned in_t
presence of a magnetic fields the orientation of whig cr“a't
provide layer 252 with an easy axis 110a di sposed perb@ﬁﬁr&uﬁar ‘16 T
| ength of segnent 130. The direction of the magnetic )
254 is forned is shifted so that the eﬁgy axis 110b Pyer 254 5
non- per pendi cular to the length of segnént 130. |dea easy axi s 110b S

oriented per pendieub 1k @A Al 10 d ANk d iy hiuse A ENBRE
presented to the coil as it travels through the yoke, and
the reluctance of the yoke. The flux-current relationship

in a magnetic head is termed the inductive coupling between
the yoke and the coil.

Referring to Figs. 2A~2C, the ferromagnetic material
of the pole pieces 18 includes numerous microscopic regions,
called domains 20, within which magnetic dipoles 22 of the
material are aligned. The material is formed (by deposition
or annealing) in the presence of a directional magnetic
field to cause the dipoles 22 of some of the domains 20 to
become aligned with (i.e., oriented at an angle of 0 degrees
or 180 degrees to) the magnetic field direction. The
direction at which the dipoles are aligned represents the
preferred axis of magnetization of the pole piece and is
called the easy axis 24. The dipole alignment of the
domains in the interior of the material and the domains near
the edges of the material is such that the magnetic flux
generated by the dipoles 22 remains within the material in
the absence of an externally applied magnetic field (Fig.
24).

When magnetic flux is applied to the yoke (either by
passing current through the coil during writing or by
passing the pole over magnetic flux transitions on the
medium during reading) the flux is cenducted through the
material in one of two ways. One way is by so-called "wall
motion®, which occurs when the flux 26 is applied in a
direction parallel to the easy axis 24 (Fig. 2B). The flux
26, causes domains 20 having dipoles 22 that are aligned with
the direction of flux conduction 26 to increase in size (at
the expense of those domains whose dipoles are disposed
opposite to the flux direction) as magnetic dipoles from
adjacent domains reorient themselves (e.g., by 180 degrees})



paraIIeI to the length of segnent 130, as shown in Fig. 6), but axis 110b
can alternatively be disposed at a smaller angle with. respect to easy aX|s
110a (for exanple, 45 degrees, or possibly 20 degrees. Tess)."In =
operation, magnetic flux conducts nore easily by rotal gn il | g@ﬁ(ﬁ£ﬁ9|1
wal | rmovenent. Stated another way, conduction by ‘domailn WAl " ot i an " J
presents a higher inpedance to the condgction of flux than does conduction
by rotation. As nagnetic flux F enters segnent 130 at tip 114, it conducts

entirely By hekateom lijyredly i t2DZ Heberiats: IHelTF ifflux conduction. As
zach domain grows in size, its walls 21 move to define new
boundaries between the domains.

Flux conduction by wall motion is undesirable for
several reasons. First, defects, such as impurities, in the
material impede the movement of the domain walls 21. When a
domain wall encounters an impurity, the impurity temporarily
holds (i.e., "pins") the wall at the site of the impurity,
preventing it from moving at the point of the impurity. The
remainder of the wall continues to move, causing the wall to
*stretch" and storing energy in the wall. When the wall
stores sufficient energy to free itself from the hold of the
impurity, the wall breaks free suddenly, releasing the
stored energy as a burst of electrical noise (known as
"Barkhausen noise") which obscures the information signal.

The applied flux must exceed a threshold to assure
that the walls 21 will be able to gather enough energy to
move past the impurities. As a result, flux conduction by
wall motion is somewhat insensitive to the low flux levels
with which thin film heads are typically used during read
operations (that is, the material has low permeability at
low flux levels).

In addition, the domain walls 21 cannot be rapidly
moved, and as a result, flux conduction by wall motion is

! unsuitable in applications in which high frequency changes
in magnetic flux are encountered..

A second mechanism by which flux is conducted
through magnetic material is by rotation of the magnetic
dipoles 22 of the domains. This is done by applying the
flux 26 in a direction transverse (such as perpendicular) to
the easy axis 24 (Fig. 2C). Because domain wall motion is
not relied upon to conduct the flux, "pinning" is not
encountered and Barkhausen noise is eliminated. Further,
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is perpendicular to easy axis 110a) and thus all of the',‘f'I‘:'UX""f’i-:‘rrrﬁii?rfsi??-ififﬁ'rj
| ayer 252 at tip 114. Wen the flux enters angled regio ;18j @tfr§; 97
per pendi cul ar to neither easy axis 110a nor easy axis 1 “*éhdmt%ﬁs~gan“not
conduct purely by rotation in either layer 252 or |ayer 254. HOowever, :
because of the donmmin structure of |ayers 252, 254, the flux can conducts
]E)y r ot a';]i Mzm dﬁ;ﬁ%@lfﬁ% Thenexgyorky srofatachl Lahbly( &ogcondager 252)
or a showrhdisthance, erhdenpaimi 1y st ruct ur f1the er L t he
flux to conduct by wal] ér?int ion. At tihéihs' Joo}l%ﬁté:l Lte%ée)uﬂ:(folb‘g&agloégtgglcégﬁduct

by rotation 1s responsive to high frequency flux variations

as well as low applied flux levels (that is, permeability is
high even at low levels of applied flux).

EP-0400793, cited by virtue of Article 54(3) EPC, describes =a
magnetic transducer having intertwined yoke and planar coil in

which the coil may lie in an intermediate plane between two

planes in which the yoke lies.

Summary of the Invention

One general aspect of the invention is a thin film magnetic
transducer comprising:

a yoke having a plurality of planar pole pieces each of
which includes a tip at a proximal end of said transducer and an
arm that extends distally from said tip generally in a
longitudinal direction, said tips of said pole pieces being
laterally aligned and at least one of said arms being configured
to be laterally spaced from one another one of the said arms
over a majority of the lengths of said arms in a direction
generally parallel to the planes of said pole pieces;

said yoke also including at least one portion generally
transverse to said longitudinal direction in a direction
generally parallel to the planes of the said pole pieces for
bringing said arms into overlying relationship, said portions
being short relative to said lengths of said arms;

said arms each having an easy axis of wmagnetization
oriented transverse to said longitudinal direction so that £flux
will conduct through said arms predominantly by rotation rather
than by wall motion; and

a coil having at least one turn, sald yoke and said coil
being intertwined to provide at least two flux interactions

between said yoke and said at least one turn.

Dependent claims are directed to preferred embodiments of the

invention.
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by rotation perpendicular to the easy axis of the adj4ﬁent1;;jf4673yég§ﬂ;
254, and as a result, the flux junps_%g the adjacent layer go that it cdb
travel through the path of |east inpedance. The fl ux d&{ﬂg;kgﬁp q ck
and forth between | ayers 252, 254 along the | ength of 118 |

il h he region, of sect+on 130 that is ,
until it reaches tf%e ﬁ%ltlple flux interactions significantly

increase the inductive coupling between the yoke and the
coil. Thus, compared with transducers that have only a
single flux interaction, a given amount of flux conducted by
the yoke during reading induces a greater electrical signal
in the coil, and during writing an increased level of flux
is generated in the yoke in response to the write signal
applied to the coil. 1In general, the induced electrical
signal (during reading) and the induced flux (during
writing) are increased by a factor equal to the increased

number of flux interactions.

The invention will become apparent from the following detailed

description.

Description of the Preferred Fmbodiments

We first briefly describe the drawings.

Fig. 1 is a diagrammatic side view of a prior art
magnetic head.

Figs. 2A-2C illustrate the domain structure of a
ferromagnetic material at rest (Fig. 2A), during flux
conduction by wall motion (Fig. 2B), and during flux
conduction by rotation (Fig. 2C).

Fig. 3 is a diagrammatic side view of one embodiment
of the thin film magnetic head of the invention.

Fig. 4 is a top view of another embodiment of the
thin film magnetic head of the invention.

Fig. 5 is a top view of a thin film magnetic head
having the general structure of Fig. 3.

Fig. 6 shows a laminated pole piece according to
another embodiment of the thin film magnetic head of the
invention.

Fig. 7 is a top view of still ancther embodiment of
the thin film magnetic head of the invention.

Fig. 8 shows another embodiment of the invention in
which the pole pieces are provided with magnetic tails.
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oriented perpendicular to easy axis 110a. At this point,”ﬁherf1yx-caanZ;;:ﬂ
conduct by rotation in layer 252 only, and thus it remaifis in hjyer'QSZ“asﬁ
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includes a yoke 32 of ferrcmagnetic material (such as a
nickel iron alloy) intertwined with a multiturn, planar coil
34 (also known as a pancake coil) in such a way as to
provide multiple flux interactions between yoke 32 and ceil
34 and thereby significantly increase the inductive coupling
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magnetic heads (Fig. 1). Specifically, yoke 32 is
constructed with pole pieces 36, 38 (i.e., arms) that are
woven through coil 34 so that magnetic flux interacts with
coil 34 twice as the flux is conducted through pole pieces
36, 38 to or from magnetic storage medium 40.

Pole piece 36 includes a pair of elongated segments
42, 44 that lie in planes (or strata) A and C, respectively,
that are disposed above and below the plane (or strata) B in
which coil 34 is disposed. Similarly, pole piece 38
includes a pair of elongated segments 46, 48 that are
respectively disposed in strata C and A. Strata B serves as
a transition’ layer to magnetically separate segments 36 and
48 from segments 38 and 44. The ends of segments 42, 46
disposed adjacent to storage medium 40 serve as the tips 37,
39, respectively, of pole pieces 36, 38. Tips 37, 39 are
spaced by a gap of predetermined width.

The other end of segment 42 is connected to segment
44 through a via 50 in strata B, which provides a path for
the flow of magnetic flux through pole piece 36 that is
surrounded by coil 34. Segments 46, 48 of pole piece 38 are
similarly connected tegether through the interior of coil 34
by via 52. Pole pieces 36, 38 are connected together by a
third via 54 that passes through strata B to join the ends
of segments 44 and 48.

In use, considering a read operation of a pair of
magnetic transitions 40a, 40b (cellectively called a di-
bit) on storage medium 40 (which is travelling in the
direction of arrow 41 under head 30), magnetic flux ¥
eﬁanating from positive transition 40a enters the tip 37 of
pole piece 36, travels through yoke 32, and returns to
negative transition 40b from the tip 39 of pocle piece 38.

As the flux is conducted through pole pieces 36, 38, it
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passes through the interior of coil 34 twice in the same
direction (i.e., downward as shown in Fig. 3) -~ once as the
flux is coupled by via 50 from segment 42 to segment 44, and
again as the flux conducts from segment 48 to segment 46
through via 52.

The electrical signal induced in coil 34 by the
passage of flux through pole piece 36 adds to the electrical
signal generated in coil 34 by the conduction of the same
flux in pole piece 38, resulting in an increased signal
relative to a head in which the flux passes through the coil
only once. The two-pass configuration shown in Fig. 3 is
equivalent to doubling the effective number of turns of coil
34 without pﬁ&sically increasing the number of turns. In
general, if the number of coil turns is increased by (n) and
the number of passes through the coils is designated by (m),
an (n x m) improvement over a single turn coil and single
pass yoke is realized by the invention.

By including one or more additicnal coils 35 (shown
in dotted lines in Fig. 3) serially connected to coil 34,
the inductive coupling to ycke 32 can be increased still
further. For example, head 30 constructed with two coils
34, 35, each of which has 14 turns, would produce the same
electrical signal as a conventional head having a single
coil with 56 turns (2 coils X 14 turns/coil X 2 flux passes
through each coil = 56 turn~flux interactions).

Increasing the effective number of turns without the
need to physically build more turns into the coil has a
number of advantages. Because the actual length of the coil
need not be increased, increases in processing complexity,
overall coil inductance, and total coil resistance are
avoided.

Fig. 4 shows a top view of a thin film magnetic head
100 that includes a pair of planar coils 102, 104 disposed
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orientations are not necessary. The fabrication of head_300i§"
formng vias to interconnect the pole piece segnents as shown. In
operation, magnetic flux F enters pole-ptece 302

side by side in the same plane in strata B, instead of being
stacked, as are coils 34, 35 of Fig. 3. (Because coils 102,
104 are in the same plane, they can be deposited in the same
process step, thereby eliminating as many as three hard bake
insulating layers, one conducting copper layer, and several
via exposures). Each one of a pair of elongated,
ferromagnetic pole pieces 106, 108 passes through each coil
102, 104. As discussed below, each pole piece 106, 108 is
formed in the presence of a magnetic field to have an easy
axis 110 that is in the plane of the pole piece and
perpendicular to a longitudinal axis 112 along which the
pole pieces 106, 108 are generally disposed.

Pole pieces 106, 108 are spaced apart laterally by a
distance W over most of their lengths to limit magnetic flux
leakage therebetween and to provide sufficient room for two
passes through coils 102, 104. But the tip 114 of pole
piece 106 is disposed underneath the tip 116 of pole piece
108 and is spaced therefrom by a gap (see Fig. 3). Tips
114, 116 are parallel to longitudinal axis 112 and are
joined to the remainders of respective pole pieces 106, 108
by sections 118, 120, which are disposed at opposite angles
with respect to longitudinal~axis 112. At the opposite end
of head 100, an angled section 122 of pole 108 overlays an
oppositely~angled section 124 of pole 106 and is connected
thereto by a via 126. Angled sections 118, 120, 122, and
124 also have an easy axis oriented perpendicular to
longitudinal axis 112. )

Thin film magnetic head 100 is disposed in three
layers or strata (strata A-strata C) that are deposited
séquentially during fabrication. First, layer pl is
deposited in the presence of a magnetic field to form
sections 130 and 134 of pole 106 and section 138 of pole 108



al ong longi tudi nal axis 310 and thus the direction of flux conducti
perpendi cul ar to easy axis 312 of segnents 304 and 3 'fé?ﬁéﬁakeuﬂar
to easy axis 324 of segnent 320. Thus, the flux condqcﬁSWbV»gotg%i?@Talbng
the entire length of pole 302. As the flux returns tHyough pal 8L30%; 1l
al so conducts entirely by rotation. This is beause thgutart:hegonal e
324, 326 of |aminated segments 318 and 1822 cause the WY==F0 junp back and
forth between the layers of the lamnation to find the conduction path of

| east on an insulating substrate (not shown) in strata A. Section

130 includes angled region 118 and tip 114.

After a thin layer of insulation (net shown) is
placed over strata A, a copper layer is deposited to form
coils 102 and 104 in strata B. Each coil 102, 104 includes
numerous turns (each coil is shown with only two turns for
clarity). Specifically, coil 102 includes interconnected
paths 150, 152, and 154, with paths 156, 158, and 160
forming coil 104. Paths 150 and 156 are interconnected by
path 162. Paths 154 and 160 terminate at respective pads
166, 168. Pads 166 and 168 are connected to processing
circuitry 170, which drives coils 102, 104 during writing
and senses theé signals produced on the coils by magnetic
flux during reading.

Then, anocther thin layer of insulation, not shown,
is deposited over coils 102, 104, and layer p2 is deposited
in the presence of a magnetic field to form section 132 of
pole 106 and sections 136 (including tip 116 and angled
section 120) and 140 of pole 104 in strata C.

Sections 130, 132, and 134 of pole piece 106 are
connected together by forming vias 180, 182 between layers
pl and p2 through strata B. Vias 184, .186 are formed in a
similar fashion to interconnect sections 136, 138, and 140
of pole piece 108. Via 126 is formed at this time as well
to connect pole pieces 106, 108 together.

In operation, considering a read operation of a di-
bit, magnetic flux P from emanatiﬁg from the positive
transition (not shown) enters one of the pole pieces, for
example, pole piece 106 through its tip 114. The flux
passes through coils 102, 104 twice as it conducts through
pole pieces 106, 108: once as the flux passes through
segments 130, 132, and 134; and again as the flux is
conducted through segments 140, 138, and 136. The flux path
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resi stance (as di scussed above), and because the di r ect ioRE®RfA
conduction in segment 306 is perpendicular to easy aX|sl312
of the arrangenent of Fig. 7 over a head in which all
is that fewer process steps are needed to formthe pol eS:
because the pol e sections di sposed underneath (and thus bel ow) coils 314,
316 are not |am nated and do not includellayers having different easy axes
orientations, and there thus is no risk that the relative easy axes
orientationg cewhdekteddibst thkeedeturn of the flux to the negative

transition (not shown) from tip 116 of pole piece 108. The
electric signal induced by the flux in each coil 102, 104 is
thus enhanced.

The magnetic fields that are applied during the
deposition of the pl layer and the p2 layer are oriented in
the plane of each layer and perpendicular to longitudinal
axis 112 to provide pole pieces 106, 108 with an easy axis
110 that is perpendicular to the elongated sections of the
pole pieces (i.e., sections 130-140). Thus, throughout most
of the length of pole pieces 106, 108, the magnetic flux P
travels perpendicular to easy axis 110 and thus is conducted

——

by rotation. (Note that flux conducts by rotation through
vias 126 and 180-186 because the vias are disposed
perpendicular (i.e., into the paper) to the planes of the
pole pieces.)

But the direction of flux conduction is not
perpendicular to easy axis 110 in angled sections 118, 120,
122, and 124, and as a result these regions of pole pieces
106, 108 conduct magnetic flux ¥ partially by wall motion.
However, pole pieces 106, 108 are constructed and arranged
so that the flux conducts through the. poles predominantly by
rotation rather than by wall motion. Preferably, conduction
by wall motion is limited to 25% (most preferably 10% or
less) of the total flux conducticon. As a result, the
deleterious effects of flux conduction by wall motion are
minimized.

Bacause the amount of flux conduction that occurs by
wall. motion increases as the angle between the flux
conduction and easy axis 110 approaches zero, angled
sections 118, 120, 122, and 124 are disposed at relatively
small oblique angles (e.g., opposite 15 degree angles) with
respect to longitudinal axis 112. The flux conducts



by thée hi gh processing tenperatures used to fabrlcatf hs’calls ReferHJng

to Fig. 8, the pole pieces 402, 404 of thin film mg etic he 40 e !

provi ded with regi ons 406, 406 known as nagnetic "t ai|l sai* Sﬁ%l €§$a|Ms
““hpu.uuHE 51990

are descri bed -18- inny U S Patent No. 4,931, 886
and '

-12-

laterally (with respect to longitudinal axis 112) along the
domain walls of angled sections 118, 120, 122, and the small
angle that each section makes with the longitudinal axis
allows the flux to conduct laterally along several domain
walls at once. If the flux encounters a domain wall that is
"pinned” by an impurity, it can freely transfer to another
wall and continue conduction.

Also, the lengths of the angled sections are small
to minimize the extent to which the flux is conducted
laterally with respect to longitudinal axis 112. This
correspondingly reduces the length over which the flux is
conducted by wall motion. For example, the total flux path
length providéd by pole pieces 106, 108 is approximately 400
microns, but the distance cof the flux path laterally with
respect tc longitudinal axis 112 is less than 30 microns
{thus, the ratio of these lengths is greater than 10 to 1).

In addition, the yoke is constructed to minimize the
number of times that flux is conducted laterally with
respect to longitudinal axis 112 while still achieving
multiple passes through each coil 102, 104. That is, while
more pole pieces could be added to increase the number of
times that the flux is coupled through  each coil, to do so
would increase the number of times that the flux is
conducted laterally to longitudinal axis 112 (and non-
perpendicular to easy axis 110) and thereby add to the
amount of flux conduction by wall. motion. Applicant has
found that providing two passes through coils 102, 104
provides an acceptable balance between increased inductive
coupling and increased conduction by wall motion.

Other embodiments are within the scope of the
following claims.

For example, the easy axis can be induced in other
ways other than by depositing or annealing the pole pieces
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| arger surface area than that of the remai nder of the correspondr =
402, 404. For exanple, the surface areg._ratio of each tail to the remainder
of the pole is at least 5:1 and preferably 10:1 or greater. The result is
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surroundi g, &hle, presence of a magnetic field. For example, the easy

axis can be formed by the so-called "angle of incidence"
method in which the ferromagnetic material is deposited at a
glancing angle to induce the easy axis at the angle of
deposit. Alternatively, the easy axis can be produced by a
combined selection of the magnetostrictive properties of the
material, the stress fields induced in the material during
deposition, and the geometry of the pole.

Referring to Fig. 5, thin film magnetic head 200 is
constructed to reduce the contribution of conduction by wall
motion still further. Pole pieces 202, 204 each include a
pair of segments that are disposed at oblique angles to the
longitudinal axis 206 of head 200 and that have different
easy axes 208, 210 oriented perpendicular to each segment.
As a result, magnetic flux ¥ flows perpendicular to easy
axes 208, 210 and is thus conducted by rotation throughout
the entire lengths of pole pieces 202, 204.

Head 200 is fabricated by forming segment 214 of
pole 202 and segment 216 of pole 204 parallel to each other
and along a line 220 disposed at an angle of approximately
15 degrees to longitudinal axis 206. Segments 214, 216 are
formed in the presence of a magnetic field that is oriented
perpendicular to the lengths of the segments (i.e.,
orthogonal to line 220) and in the plane of the segments.
After coil 230 is formed, segment 212 of pole 202 and
segment 218 of pole 204 are deposited parallel to each other
and along a line 222 disposed at an oblique angle to axis
206 opposite to that between line 220 and axis 206. |
Segments 212, 218 are deposited in the presence of a
magnetic field that is perpendicular to line 222 and in the
plane of the segments so that the easy axis 208 of segments
212, 218 is perpendicular to the lengths of the segments.
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The magnetic flux path through pole pieces 202, 204
is completed by connecting segments 212, 214 together
through via 224, interconnecting segments 216, 218 through
via 226, and connecting seqments 214, 218 together through
via 228.

Thus, in operation, magnetic flux F that enters the
tip of, e.g., pole plece 202 is conducted down the length of
segment 212 by rotation, because the flux is perpendicular
to easy axis 208. The flux remains perpendicular to an easy
axis (easy axis 210) as it is transferred to segment 214
(and coupled through coil 230 for the first time), and thus
the flux is conducted by rotation through segment 214 and
into segmenE 218 for the return trip through coil 230. The
flux remains perpendicular to easy axes 208, 210 as it
passes through segments 218, 216, and thus completes its
conduction through pole piece 204 by rotation.

Near the tips 232 of pole pieces 202, 204, the flux
conducts partially by wall motion, because the direction of
flux conduction in each pole piece is not strictly
perpendicular to easy axes 208, 210. The overall effect of
the wall motion is slight, however, due to the short length
(e.g., 5 microns} of tips 232.

Referring again to Fig. 4 and to Fig. 6, one way in
which flux conduction by rotation can be enhanced (and
conduction by wall motion avoided) in thin f£ilm head 100 is
to form pole pieces 106, 108 from two or more laminated
layers that have differently oriented easy axes of
magnetization. The use of laminated layers in a thin film
head is the subject of U.S. patent application serial number
07/227,808, filed Augqust 3, 1988, by Mallary et al.,
entitled "Flux Spreading Thin Film Magnetic Devices". The
application is assigned to the same assignee as this
application and is incorporated herein by reference.
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i nductive coupling between pole pieces 402, 404 and tihgacof) gc
above. Pol e pieces 402, 404 are constructed and arramg
of the techniques described above to enhance the conduction of magneti c
flux therethrough by rotation. For exanp|&, pole pieces 406, 408 have easy
axes oriented perpendicularly to the direction of flux conduction through
t he pol es. Because flux F s naqt qy red to change
Fig. 6 illus rat segment 130 of pole 106 formed as
a pair of laminated layers 252, 254, it being understood

that the remaining secticns of pole piece 106 and the

sections of pole piece 208 are laminated in the same manner.
Layers 252 is formed in the presence of a magnetic fields
the orientation of which is selected to provide layer 252
with an easy axis 110a disposed perpendicular to the length
of segment 130. The direction of the magnetic field in
which layer 254 is formed is shifted so that the easy axis
110b of layer 254 is non-perpendicular to the length of
seqment 130. Ideally, easy axis 110b is oriented
perpendicular to easy axis 110a (and is thus arranged
parallel to the length of segment 130, as shown in Fig. 6},
but axis 110b can alternatively be disposed at a smaller
angle with respect to easy axis 110a (for example, 45
degrees, or possibly 20 degrees or less).

In operation, magnetic flux conducts more easily by
rotation than by domain wall movement. Stated another way,
conduction by dcomain wall motion presents a higher impedance
to the conduction of flux than does conduction by rotation.
As magnetic flux F enters segment 130 at tip 114, it
conducts entirely by rotation in layer 252 (because there it
is perpendicular to easy axis 110a) and thus all of the flux
remains in layer 252 at tip 114. When the flux enters
angled region 118, it is perpendicular to neither easy axis
110a nor easy axis 110b and thus can not conduct purely by
rotation in either layer 252 or layer 254. However, because
of the domain structure of layers 252, 254, the flux can
conducts by rotation perpendicular to the easy axis of each
layer (e.g., layer 252) for a short distance before the
domain structure of the layer requires the flux to conduct
by wall motion. At this point, the flux is able to conduct
by rotation perpendicular to the easy axis of the adjacent
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layer 254, and as a result, the flux jumps to the adjacent
layer so that it can travel through the path of least
impedance. The flux continues to jump back and forth
between layers 252, 254 along the length of angled region
118 until it reaches the region of section 130 that is
oriented perpendicular to easy axis 110a. At this point,
the flux can conduct by rotation in layer 252 only, and thus
it remains in layer 252 as it passes through the remainder
of section 130.

The flux remains in the upper layer as it conducts
through sections 132, 134 (i.e., the layer having
perpendicular easy axis 110a), until it reaches angled
region 124. At this point, the flux jumps between the upper
and lower laminated layers 252, 254 as it seeks a path
through which it conducts entirely by rotation. The flux
resumes conduction in upper layer only when it reaches the
region of segment 140 that is disposed parallel to
longitudinal axis 112. The flux again conducts through the
upper and lower laminated layers when it reaches angled
section 120 of pole 108.

Referring to Fig. 7, the topology of the pole pieces
302, 304 of thin film head 300 is selected so that
lamination of, for example, the pole piece sections in,
e.g., strata A (Fig. 3) is unnecessary. The sections 304,
306, and 308 that are deposited in strata A all lie parallel
to one another and to axis 310. These sections are formed
in the presence of a magnetic:field oriented perpendicular
to axis 310 so that sections 304, 306, and 308 all have an
easy axis 312 disposed perpendicular to their lengths.

After serially coupled coils 314, 316 are fabricated
(in strata B), the remaining sections 318, 320, 322 of pole
pleces 302, 304 are each formed from a pair of laminated
layers. The laminated layers of each section 318, 320, 322
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tip (114,116) at a proximl end of said transducer ﬁnd anld}ﬁﬁﬂ1§§ﬂ134,
136-140) that extends distally fromsaid tip generall&xpn a--kongitudinal
direction (112), said tips of said pole pieces beinéZ?arETally al 1 gned and
at least one of said arns being configuredt,o be laterally spaced (w) from
anot her one of said arnms over a najority of the lengths of said arnms in a
direction genirril lf%r%ag alj!nelt (2 grhees Ageneos o t%'zac%gdonal magnetic fields to

have orthogonal easy axes 324, 326, respectively. Easy axis

324 is parallel to easy axis 312, and easy axls 326 is
parallel to axis 310, although these orientations are not
necessary.

The fabrication of head 300 is completed by forming
vias to interconnect the pole piece segments as shown.

In operation, magnetic flux P enters pole piece 302
along longitudinal axis 310 and thus the direction of flux
conduction is perpendicular to easy axis 312 of segments 304
and 308, and perpendicular to easy axis 324 of segment 320.
Thus, the flux conducts by rotation along the entire length
of pole jo2.

As the flux returns through pole 304, it also
conducts entirely by rotation. This is beause the
orthogonal easy axes 324, 326 of laminated segments 318 and
322 cause the flux to jump back and forth between the layers
of the lamination to find the conduction path of least
resistance (as discussed above), and because the direction
of flux conduction in segment 306 is perpendicular to easy
axis 312.

One advantage of the arrangement of Fig. 7 over a
head in which all layers are laminated is that fewer process
steps are needed to form the poles. Additionally, because
the pole sections disposed underneath (and thus below) coils
314, 316 are not laminated and do not include layers having
different easy axes orientations, and there thus is no risk
that the relative easy axes orientations could be disturbed
by the high processing temperatures used to fabricate the
coils.

Referring to Fig. 8, the pole pieces 402, 404 of
thin f£ilm magnetic head 400 are provided with regions 406,
406 known as magnetic "tails." Magnetic tails are described
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Fields in Longitudinal Recording®”, which is assigned to the
present assignee and incorporated herein by reference.

Each magnetic tail 406, 408 has a much larger surface area
than that of the remainder of the corresponding pole 402,
404. For example, the surface area ratio of each tail to
the remainder of the pole is at least 5:1 and preferably
10:1 or greater.

The result is that each tail presents a low
impedance leakage path from its pole to the surrounding air,
thereby eliminating the need to complete the flux path
between poles 402, 404 by connecting the poles together at
their far ends (i.e., the ends disposed opposite to tips
405) . '

In operation, magnetic flux ¥ enters pole 402 from
the storage medium (not shown) and is conducted by pole
piece through coil 410. The flux is then coupled 412 out of
pole piece 402 into the surrounding air wvia tail 406. Tail
408 acts like an antenna to pull in flux 414 from the
surrounding air and couple it as return flux to the storage
medium to complete the flux path through head 400. The flux
as it conducts through pole 404 passes through coil 410,
thereby providing the enhanced inductive coupling between
pole pieces 402, 404 and the coil discussed above.

Pole pieces 402, 404 .are constructed and arranged
according to any of the techniques described above to
enhance the conduction of magnetic f£lux therethrough by
rotation. For example, pole pieces 406, 408 have easy axes
oriented perpendicularly to the direction of flux conduction
through the poles. Because flux F is not required to change
direction (i.e., from pole piece 402 to pole piece 404) as
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it flows through head 400, conduction by domain wall motion

is further avoided.
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5. The transducer of claim 1 wherein said transverse iportiagg(l 18- 124)]
extends obliquely to said |ongitudinal_di ion (112) ta pedudet tQET fidgsx... |
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wherein said yoke conprises only two of said arnms, each one of which is
intertwwned with said coil (102,104) so that a total of two flux

interactions are prRvhAeAIRGhASRAUSRAAHREE (POC) ScthPrishigh -

a yoke having a plurality of planar pole pieces (106,108) each of

which includes a tip (114,116) at a proximal end of said transducer and
an arm (130—134; 136—-140) that extends distally from said tip generally
in a longitudinal direction (112), said tips of said pole pieces being

laterally aligned and at least one of said arms being configured to be

laterally spaced (w) from another one of said arms over a majority of the

lengths of said arms in a direction generally parallel to the planes of said

pole pieces;

said yoke also including at least one portion (118—124) generally

transverse to said longitudinal direction in a direction generally parallel to

the planes of said pole pieces for bringing said arms into overlying

relationship, said portion being short relative to said lengths of said arms;

said arms each having an easy axis of magnetization (110) oriented

transverse to said longitudinal direction so that flux will conduct through

said arms predominantly by rotation rather than by wall motion; and
a coil (102,104) having at least one turn (150—154; 156—158), said

yoke and said coil being intertwined to provide at least two flux

interactions between said yoke and said at least one turn.-

2. The transducer of claim 1 wherein said arms are constructed and

arranged so that no more than 25% of flux conduction occurs therein by

wall motion.

3. The transducer of claim 1 wherein said arms are constructed and

arranged so that no more than 10% of flux conduction occurs therein by

wall motion.

“ AN O
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‘The transducer of claimi1 wherein at |east said ﬂlr%iﬁé?v—er Sé poLtEon Rl

18- 124) of said yoke includes a plural+2y of |ayers (2%2,254), ,hgvin C
SR s

di fferent easy axes of nmagnetization (110a, 110b) at |
transverse to the direction of flux conduction in saidp

asti:=o

the anount of 4.l ux Ebadraosdwoertdiataiort wherbin saitlleaspixonof magsetizatvn
transducer of claim 7 wherein said.| ayers,(éS{ﬁ, 254) ar%' am nated. 9.
[

The transducer(1df) & nerpendigriaretonsadh dongituglin

§Gtiehtl Basy axes of

magnetization ( 110a) is perpendicular to said |ongitudinal direction

(112).

5. The transducer of claim 1 wherein said transverse portion
(118—124) extends obliquely to said longitudinal direction (112) to reduce

the flux conduction by wall motion in said portion.

6. The transducer of claim 1 wherein said yoke comprises only two
of said arms, each one of which is intertwined with said coil (102,104) so
that a total of two flux interactions are provided between said yoke and

said coil.

7. The transducer of claim 1 wherein at least said transverse portion
(118—124) of said yoke includes a plurality of layers (252,254) having

different easy axes of magnetization (110a,110b) at least one of which is

transverse to the direction of flux conduction in said portion to reduce the

amount of flux conduction that occurs by wall motion therein.

8. The transducer of claim 7 wherein said layers (252,254) are
laminated.
9. The transducer of claim 7 wherein one of said different easy axes

of magnetization (110a) is perpendicuiar to said longitudinal direction
(112).

10.  The transducer of claim 7 wherein at least one of said plurality of
arms includes a portion that extends obliquely to said longitudinal
direction (112), said portion including said plurality of layers (252,254)
to reduce the amount of flux conduction that occurs by wall motion

therein.
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10. The t'ransducer of claim 7 wherein at |east one of Psal o~ pl ur: aI |‘t—yfoﬁ

arns incl udes
direction (11
to reduce the
-22 - 11.

a portion that extends obf4 quely to sai
2), said portion including sald pluralit
of fl x con u%ilon oGCurs,
eW

dd@é’ls Bfercl

(1 18-——124) extends in a second direction, the easy axis of magnetization

bongljt{mc[]mal

Mot T onN T

(110) of at least one of said layers (252,254) of said transverse portion

being oriented obliquely to said second direction.

12.  The transducer of claim 11 wherein the easy axis of magnetization
(110a,110b) of all of said layers (252,254) of said transverse portion are

oriented obliquely to the second direction.

13.  The transducer of any preceding claim wherein at least one of said
arms (402,404) includes a first portion (114,116,405) adapted to be
disposed adjacent to a storage medium and to transfer flux between said
arm and said mediuni, and a second portion (406,408) that has a large
surface area relative to a surface area of said first portion to cause flux in
said arm (402) to radiate (412) from said second portion to regions
adjacent to said transducer and then (414) to another one of said arms
(404).

14.  The transducer of claim 13 wherein said another one of said arms
(404) includes a first portion (232,405) adapted to be disposed adjacent to
said storage medium and a second portion (408) of large surface area
relative to a surface area of said first portion to cause flux in regions
adjacent to said transducer to be conducted (414) into said arm (404) for

conduction to said medium via said first portion.
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(118:124)- extends in a second direction, the easy axis ef--magneti zati-on -
(110) of at |east one of said |ayers (252,254) of said trafsverse port+0ﬁ1
being oriented obliquely to said second direction. 12. ﬁ The QaQ F oﬂ
claim 11l wherein the easy axis of magnetization (110a, ﬁigg%1o ¥ sald
| ayers (252,254) of said transverse pordjon are oriente Fejtret -y to'fﬁe
second direction. 13. The transducer of any precedi ng clai mwherein at

| east one of said arns (402, 404) includes a first portion (114, 116, 405)
adapted to be di sposed adjacent to ger medi um and to transfer flux
bet ween said arm and said nmedium an a second portion (406,408) that has a
| ar ge

TRANSDUCER WITH IMPROVED INDUCTIVE COUPLING

A thin film magnetic transducer formed in multiple layers and comprising
a yoke having a plurality of arms, at least one of which has segments lying in
separate layers and connected through a transition layer, and a multiturn coil
intertwined with the yoke to provide at least two flux interactions between the
yoke and coil. The transducer is constructed to enhance flux conduction by

rotation and minimize flux conduction by wall motion in the yoke.

Figure 3
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surface area relative to a surface area of said first portian to-cause-flux
in said arm (402) to radiate (412) fr.om said second porti0n . to. regi ons:v il
adj acent to said transducer and then l(/?14) to another ¢ne of said ar
(404). 14.  The transducer of claim 13 wherein said a qb:_-hef,.@oﬁ&fof#g aid
arns (404) includes a first portion (232,405) adapted ¢ i e
adj acent to said storage nedium and a second portion (408) of |arge surface
area relative to a surface area of said first portion to cause flux in
regions adjacent to said transgigengto be conducted (414) into said arm

(404) for conductiop.to said nedilumyvia said fi'r;tcopq@ti on.
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