TRANSDUCER W TH | MPROVED | NDUCTI VE COUPLI NG Background'of
t e I nvention This invention relates to thin filmnmagnetic
transducers (i.e., heads). Referring to Fig. 1, a typical thin film

magneti c head 10 for witing information on or reading information froma

recordi ng medium 12, such as a magnetic disk, resenbles a horseshoe-shaped

yoke 14 of ferronagnetlc material (such as nlckel-lron) around whi ch a coi

16 is wwapped Yoke 14 includes a pair of pole pieces 18 the tips of whi ch

are located closely adjacent to nmedium 12. Information is witten on
medi um 12 by passing electrical current through coil 16 to induce a

correspondi ng magnet TRANSDUCER JWITH THPROVEDTAHDICTI VIE GRUPEINGNduct ed

t hrough one of the pole pieces 18 to nedium 12 via the tip of the pole

pi ece. Changes in the flux caused by varying the electrlcal current are

recorded as magnetic transit B i 2_LTY B circuit is

conpl eted by the retmin Qe iTR0TRIA W 'ehikhie 1t Wigherdcl0 via the

ot her pole piece. During reading, as head 10 is passed ovéer a pair of

magneti c trAFSIRFMEENS (162 ( kndSAdBE-a di-bit) on medi um

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 closefy 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 éassed 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

_'e;gctrical 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
indﬁ&ed in the coil during reading depends upon factors such
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12, qux emanating frompositive transition 15 is conducted up through the
oﬁe 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
correspondi ng electrical signal in coil 16. The amount of fl ux

I nparted to the yoke during witing by the coil depends upon the wite
current |evel, the nunber of coil turns, and the reluctance of the pole,
anong other factors. Simlarly, the | evet »f-the voltage i nduced in the
coil during reading depends upon factors such

-2- as the asnbbe pumber| ofucedl thens,r &hgt Istaengtd fAfXhe Blated to the

coil as it t{:ﬁgggﬁtéareeghnhh%omk%s and thg el Wt afhd Rfor@keand he
flux-current”relationship in a magnetic head is ternmed the i nduci'i ve

coupl i ng bet WR@nrehectaReeard the ¥oke. The flRsrGUNLet Feafsionshin,

the ferronagpgticmaghetial nehdt he Rekfed &®RS ihudtalvwl esoupiNEiPUsetween

m cr oscopi c reglons callgg donalns 20, within which magnetic di poles 22 of
the material tBfeY8kegABE. 2R dtderial is formed (by deposition or
annealing) in the pressesmeinf o dfigest i 20a2Cpaghet fertonhgntbicanatetrtial

di pol es 22 of, of SPHE é&l&hsl%@' 13 08hQdREC Al G Wddbdd i & redid fLL €

at an angle
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 appiied magnetic field (Fig.
2a).

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 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
h26 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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or 180 degrees to) the magnetic field direction. The direction at which the
di poles are aligned represents the preferred axis of magnetization. of the
pole piece and is called the easy axis 24. The dipole alignnent of the
domains in the interior of the material and the domai ns near the edges of
the material is such that the magnetic flux generated by the dipoles 22
remains  within the material in the absenge_of an externally applied
magnetic field (Fig. 2A). When magnetic flux is applied to the yoke

(either by a@%%amué:ygf@nea oG Cobde B8R 1 88 MMk B9n@hcRYoR2SSALY
t he pole over magnetjic flux transjtions on the nedi umduring reading) the-
flux is cofRfdt &PRANb IFPThe et g al 1t TRblof 21 vBOVRyEe ERELNBYNEY by
so-cal | ed 'BmirdamildsDBetwdere tinc@omaimen the flux 26 is applied in a
domai ns. 20 havi ng. Bt 51 BEPI0SHHED BY evariofiat aat 15 NEARAEAR N B 1 ux
conduct i on s2¥erali nuraesmes | N Bizst ( alefdetexpenck aé impseitbes| ninwbhee
dipol oo, o gl ASae AR e Wbyt e eCAbgla Fatagna o dhes! £
-3-  to bedemaial iwgldd encduntrrsiiarecinper bty f | tie ctmplacityntemgorarily
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 enerqgy 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
éib;ies 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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eagch dqmain grows in size, its walls 21 nove to define new boundaries

bet ween the domai ns. Fl ux conduction by wall notion is undesirable

for several reasons. First, defects, such as inpurities, in the materi al

I npede the nmovenment of the domain walls 21. When a domain wall encounters

an inpurity, the inpurity tenporarily holds (i.e., "pins") the wall at the
site of the inpurity, preventing it fromJomving at the point of the

i mpurity. The remai nder of the wall continues to nove, causing the wall to

"stretch” angnyd @rdn:w.renﬁr;gmé@ iﬁlené@alonweaoweew@ugﬁw eeosafshaﬁbent
energy to fre breags free

th t
suddenl v, reﬁi%;ﬁ%fﬁtﬁPEﬁQﬁmegﬁe?%Eeﬁ ag b ur| ¥é§V2§tr HF fBPSE<ERABWN
as "Bar khausey motastomhis hredsons teet te hh@mrﬁﬁéqmeneygﬁmhx variatiohe

e to gatnar Sedd Ly AREENa (e 0 AR TS| M8hat el hetabdnliy R
conduction byhmmIeWﬁﬂlaﬁll%ﬂsb@%@hﬁtofn%@ﬂbl@dvéltﬁ)the low flux |evels

wi th which thin filmheads are éﬂﬁhgé&lan§ﬁg @Hgéﬁglégad operatlons (t hat
' It

is, the material has | ow perneabi y a levers).
addi tion, the domai PR8I g8neradasReEe °rfa|51h@l }Wﬂé’dmhrkﬁ & "é“rfésﬁﬂlltm

flux conduct &n%@;nfé»tl\wldramgdmr Sf@ﬁﬁeutﬁzblmlelﬁpél 1s§érgnﬁnaﬂ Mt:mdeggh
frequency changes in e netic | ux are encount er ed

mechani sm by 2WP&E MAKRANE &It EHt Yh?%uﬁﬁmﬁagﬁgt}%aﬁﬁtﬁPFan §R5§h has
rotation of iskemergietliyviny poh esegaratet heyeosnans. cahnécteddanmbgh a

a0 e L o AMLECcUhe. LhalekSaen (GUED SRcBetasndicils )B@%

t he easy axi onarn
to conduct tlyekie deo prmividerdti teast emoﬁlm:erenltandcaaokaahemeam thei s

el i m nat ed. 5%&%h% d 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. 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. _

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
layers 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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-4- t he 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 |ow applied flux

| evels (that is, perneability is high even at low |evels of applied flux).
EP- 0400793, cited by virtue of Article 54(3) EPC, describes a nagnetic

transducer having an intertw ned yoke armd planar coil, in which the coi
may lie in an internmediate plane between two planes_in which the yoke
lies. rotation and mimimiaeyceRduREIPRy ¥t ¥4l motlong,. gener a

aspect of the.dfvemien éSndutbisnf bynrsegtgbhcpredoadnatescatipti Siyngall
a yoke having pluralitiy of arns e ast .Qne gasy axis

ch of i ch has_ at
of magnet i zA9GH M andiore pr%fEB?P%HavFﬂﬁggFgF8Qsgyoﬁg uPRELSR dSyoke and
said coil bejngited etdveoed(bp pOSYI fereserhbaygl, twolDRuwpri Aessicoiforthe

bet ween sai d yo d said.at, least e_t , a «Qf i,d
arnslhav!ng'%%ﬁ%Gafgﬁxsﬁﬁﬂgﬁ?§188Ch gg ah?%%uﬁg’dFESOEgéﬁggkg%gfﬁ% QFQ#Q a
| ongi t udi nal swiktead of osanslet imnapptécatiands whereahigbafyequensy shanges

magnet i zat i of) ,an%,ﬁgéfg HGQSXSEEﬁ.t OTﬁQetQEEQ_@hEQQ ek bhus ®Qe@uetion

t hr ough said“%eg t and at an oblique angle with respect to said
| ongi t udi nalres@ensibvie B¢ savdfivgneavelsei kfatolfedths &RENFENCSTe IGS said
| fggme“t s.to i%%eﬁ@ébihi@?gﬁtsibd eoluk. 1ebependentrnel avididaneeliofect ed
preferred ehbodi nents_ of {he . . o ies '
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
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
direction. This substantially eliminates conduction by wall
motion in the arms. The transQerse portion is oriented
obliquely to the first direction to reduce the need for flux
to conduct by wall motion therein.

Rt Another way in which conduction by wall motion is
reduced 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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I nvention. The nmultiple flux interactions significantly increase
the inductive coupling between the yoke and the coil. Thus, conpared with
transducers that have only a single flux interaction, a given anount of.
flux conducted by the yoke during reading induces a greater electrical

signal in the coil, and during witing an increased |level of flux is
generated in the yoke in response to the wite signal

5 applied to the coil. In general, the induced el ectrical signal (during
reading) and t,brg chrdygednl! E§aggugkeg PoitiBak ehStl EBE‘?:@E%dtmé 2 rChQr
equal to the I ncreased nunb ux Interactions. I nvention w ||

becone appar%#§0f¥bm4Fﬁ€ fol |l ow ng detail ed descrlptlon
Description of the Efrﬁfy%_rtf thFUHOd B of the WnddrtSiow) | @dhdusesss i be

t he draw ngs. rapmati c side yi ew of prior art

magnetic heddy wall mOFgBE 1§AF?%PFgFu§¥rSPEsFﬁBcﬁbﬁﬁlﬁhgt Ge'SVEXSE a
f erromagnet iox@t £fh abegihentst ££bnga plhraditiyngff 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
transverée 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 obiique 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 £ilm 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
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

~“p-r:'S'liolem's associated with wall motion is avoided is providing
at least one (and preferably both) of the yoke érms 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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conductlon by wall notion (Fig. 2B), and during flux conduction by rotation
(Fig. 20). Fig. 3 is a diagrammuatic side view of one enbodi nent of
the thin filmmagnetic head of the invention. Fig. 4is a top view
of another enbodiment of the thin filmmagnetic head of the invention.

Fig. 5is atop viewof athin filmmgnetic head having the general

structure of Fig. 3. Fig. 6 sho a |l am nated pol e piece according
t o anot her enbodi nent of the thin fil'm’magnetic head of the invention.

Fig. 7 is view o anot her ephadipgAL obkkha Ahisy ftlhl@rragnetlc
head of t%& ‘\E;%nf’?%ﬁe"ts i5 3?‘”‘%8 Eghgag gg@ ?i- ? 5|Enrrent of

i nvent i onf lux whatwhpabe peteepnecbs aresprothaus ﬁﬂ?ﬁ ﬁ&@HéPEb talls

Structur &th t r Ei g 3ithkinskign@n®agnetic head
30 |nclu§%s a yo §i9 %Q ?l%g%rgﬁggﬁgtéégga%gila sﬁg? assabﬁlckel n

al loy) intertwi néd w tresatifyl tfhauMeongtaeart 16 1132 LAES RAvrad n%\
pancake o |dorhdhéthQtaw@&taﬁaI:alprBylﬁletaﬁibnpbecfahwe iift disacieivars

e T O TRTEe Y S2rh1741208 LRETERYySLABL bERRheY YoREIS M R ic e
as corrparct;dna/\msh conventi onal th| nfilm

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. o

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 yoke
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 intoc 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
reversed 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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magnetic heads (Fig. 1). Specifically, yoke 32 is constructed with pole

pi eces 36, 38 (i.e., arnms) that are woven through coil 34 so that nmagnetic
flux interacts with coil 34 twice as the flux is conducted through pole

pi eces 36, 38 to or from magnetic storage nedi um 40. Pol e piece 36

I ncludes a pair of elongated segnents 42, 44 that lie in planes (or strata)
A and C, respectively, that are di sposed above and bel ow the plane (or
strata) Bin which coil 34 is disposed. Sinigarly, pole piece 38 includes a
pair of elongated segments 46, 48 that are respectively disposed in strata
C and A Strat magnetigetaiddsa fursheirt ayie idsy sondaatdgrethx aldme isepea bl e
segnents 36 ango€§og[on1segnents 38 and 44. The ends of segnents 42, 46

di sposed adj acent to storage nedium 40 serve as the tips 37, 39, o
respectively, of pol e Qittlestestunes amdsagyanagescofphbedipyentiap oill
predeternm ned yedblle apparenth@rehhehet®d10bwso@ Ut dd CAHEGIEbA 0 and
segnent 44 through ? via,b5Q in strata B, which provides a path for the fl ow
of magnetic flEXCPhFBEgRBdME piece 36 that is surrounded by coil 34.
Segnents 46, 48 of pol e peeeeidBiane ofi trhleamire feonmel titbddigeintey t hr ough
the interior of coil 34 hy.via,b2. | e, pi 23 3 re_connected
together by a third vi?wae éﬁ%{gtblﬁ)ﬁ%s‘g\é ?%r;(gﬁgﬁes r%tgr%wf'ggfbi n the ends of
segnents 44 and 48. Fig. lInisise,dbtaysineathg sideavieyeofit Roprobraapdir

of magnetic tr LLLOAS , 40b (collectively called a di- bit) on storage
medi um 40 (mhi@ﬁa#ét??ayégﬁrng in the direction of arrow 41 under head 30),
magnetic flux F emanatB¥gs f rdfm3osi Hlyatraeasthe odondineftrensture ofpas7 of
pol e piece 36,f&f%ﬁla?néhaeua_atwis13a,t @ QIFilgls 2A) N fAtinge fransi tion
40b fromthe tip 39 of gole pi ece 38., As the flux is conducted through pole
pi eces 36, 38,c9pductlo 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 acéording 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
i;éludes 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

'fg_#_~————""_'—’d—'
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7 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 segnment 42 to segnent 44, and again as the flux conducts from -
segnent 48 to segnent 46 through via 52. The el ectrical signal

i nduced 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 sanme flux
in pole piece 38, resulting in an increased signal relative to a head in

whi ch the flyx %%Ft—%éé;{ %fhéngﬁaféa' %YCQHGQnt%QﬁaiWhPﬁS§11m _

onflguratlon s own 1 n ui val ent to dou the effective
nunber of tumﬁgﬂﬂt%ﬁMUGQQﬁvﬁﬁkﬁnnl hys$2%?+91$%éiﬁasYﬂ§etﬂ§ hEnmber of

turns. In gee%hélcrdétédwm%wf T&kds 36 n5385(iDéK?a§EﬂsPYtﬁB)’. apd the
nunber of passes through the coils is %LSIQH at ed
n

i npr ovenent UP@F"aqg G H 152 %?rEﬁ%Pﬁﬁéé §g§§ th%EQFt?eHlGQ t he
i nvention. coil 3Ry tiwideidisig-tonef hux nbe econdia¢tedathrough Boléspdeneisn

dotted lines._in Ei 3 sef r°£'*%é§ki §t$€ % Oﬁg §ém Ege i nductive
e 0

coupling to 93Ke3 2 can e §FNere her r - exanpl e, head 30
constructed with tmoPobeIpleﬂe 3§, ingdhdeis Whmainugf:ﬁﬂqngaﬁﬁd\mngmpnts

produce the S3me (ql 451 oile SNl ass A SPTWEPLLAPaL BRadchaybagecilagle
(2 coi /g0|l

coi | mnth 56 tudrns S turns passes throu eac
coil = 56 tutthafd @x61ﬁ¥§RR§¢QNﬁ90V3 and b¢h@¥e§§?n@1?ﬁ§ éPFeéFF?gahuﬁbéP

of turns W thAYlH R&i1 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 cbnnected 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 dperation of a pair of

E magnetic transitidns 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 F

emanating 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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need to physically build nore turns into the coil has a nunber of

advant ages. Because -the actual |ength of the coil need not be increased,

i ncreases in processing conplexity, overall coil inductance, and total coil
resi stance are avoi ded. Fig. 4 shows a top viewof a thin film
magneti c head 100 that includes a pair of planar coils 102, 104 di sposed

8 'side by side in the sane plane in strata B, instead of being stacked,
as are coils 34, 35 of Fig. 3. (Because t®its 102, 104 are in the sane

pl ane, they can be quosited ipn the, sane_progcess ste t hereby elimnating

as many as PARSES Hdt Ehe st T HOF | RfeFeilond EBEéﬁcﬁPnﬁhGOﬁﬁ@F | ayer
and sever aldiHez thpos(i &8), ddasdaodeasfskopni inoFigl ongatedonter agntgaet i C

pol e pi ece 6,. 10 ) t hrough.each coil 102, 104, As discussed bel ow,
each pol e %ili“g(e 1%62,80‘%%@“?}3( oFhed I ntT R ?)?%“sl%rﬁgeq'%f g ﬁﬁaﬁgpi%ci?i'ef‘&gt 0
have an easgaixi aslithe halux scomdudies pfoome oégnémt péBetpi segmantt 46
per pendi cule@t-ob QA AN udinal axis 112 al ong whi ch the pole pieces 106

|1 '

108 are general I'y di sposed. | .Pol e pieces 106, 108 are spaced apart
laterally by a di sThicelfrsrdcatpsioprl Haduaeshdrhsaid |34y rdtmetic fl ux

| eakage t hghahaigeed adist e F OV epS1d fh Loeat 36 028850k ot ¥He 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. 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 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 produce the same

electrical signal as a conventiocnal 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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passies through coils 102, 104. But the tip 114 of pole piece 106 is
di'sposed 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 renmai nders of respective pole pieces 106, 108 by
sections 118, 120, which are di sposed at opposite angles wth respect to

| ongi tudinal axis 112. At the oppogiﬁg end of head 100, an angl ed section
122 of pole 108 overl ays an oppositely-angl ed section 124 of pole 106 and

I's connegied, | Nef @t 05 RYtReVka@mb2B1an8Nghedreqehi B8NS 1hleal?@r b2dngand 124
al so have an ‘easy axis oriented perpendicular to longitudingl axis 112.
Thin fiStAGKRMhet?E PEAICPDAS| S4di SPoSEdFRLH t Aree (BEFANSS LU S t1P % st r at a
A-strat@Lardain afge 8RS badnegquneyi ahhybdudepgsfiizied dal ithe danest ,
| ayer pl is deposited presence netic fh%é% Hgé&nggfgxnions

i n_the ce.of a nma
130 an@EESPT TR 168EERYS BIAPORaEi8%0R S BHEY108 © _
9 I greism?nlﬁtﬂl?te iaing?]s?bsbnﬁt eo(xdutlztihgvmppparsﬂam,A.arr].@e(slteivmrraﬂ?,o
| neul arih T wRgnfy  Sichadnl A opir, ot fehBaRd " D MEC Tliositea
to forMeondmadiet kndpedse plesesafl@sB. 1B8chassels throupiy eaedl widsl nuner ous
turns (Fa£h £0f! 18sSRPLBuYELR BRNYW, WRakH! BS1kObiece 106, 108 is
formed in the presence of a maénetic 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 parallél 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
sequentially durihg 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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éréiity). Specifically, coil 102 includes interconnected paths 150, 152,
andj154, with paths 156, 158, and 160 formng coil 104. Paths 150 and 156
areiinterconnected by path 162. Paths 154 and 160 term nate at respective
pad$ 166, 168. Pads 166 and 168 are connected to processing circuitry 170,
whi ¢h drives coils 102, 104 during witing and senses the signals produced
on the coils by magnetic fl ux duang oI eadi ng. Then, another thin

| ayer of insulation, not shown eposited over coils 102, 104, and | ayer

p2 is &ep&sliﬁguwtihg QﬁsgeﬂseeOQnatrragaemclﬁl gtdata AQr mseeetibgn 132 of
pol e 106 and tions i g %?n Iud|n g nd angl ed section 120) and
140 of13p%|’e“*”1 ‘21 Fh 2hgapg Eeglon 114 t bﬂs }éo 132, and 134 of pole

pi ece 106 areAfderea ethirodeiylear dfy ifruliatgon and8Ghd@) b ween | ayers pl

2 PRAdLoythy st 2tpaly a)) 8cdfier 190,81 S LORIRELRLA B, 25T On 1O

i nter onnect sections ol e prece ia 126 is
for recc®t1ls h1 @2 tang &94WENIStbaténﬂectE@@hecgiécégz106041@80ﬂ@é@§her

I N OPGhahd Qs Geaﬁhéeiésehacaﬁfdlgpsﬁa&h%eﬁ anﬁiy tRb! cutReNgLc flux F
fromemanating fromthe positive transition_(not Shown) enters one of the

pol e fHleaektYFor SRAFHFECapLYe FPELcl9861RRIBAEA AnEeFFpnRegtedhe 1 ux

passespattt’ﬁé)ug@opomﬁ 1884 164, twier gsthg Qsaglumss t Bhauglsopol e pi eces 106,
108: once as t

e 0 o RsRel 1 SRR T e 0y gy and agaln
10 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 wvias 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 ¥ 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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i's 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 iin each coil 102, 104 is thus enhanced. The magnetic fields
that are applied durlng the deposition of the pl layer and the p2 | ayer are
orientied in the plane of each |ayer and per pendi cul ar to longitudinal axis
112 tq provide pole pieces 106, 108 mﬁth]an easy axis 110 that is

per pe dlcular to the el ongated sectlons of the pole pieces (i.e., sections

130-1 t | t | [ 108, the
 magnet | c N u>L{‘l:%lt—Il t\%? H@%t ntapjeft otqgagsé}%aés)&f%b '?%?%?1%\2% s
conductedtm¢m&ﬁRﬂQRN(nqﬁ«ﬁhPWﬂkufﬁqmn@kRNkiﬁﬂQftnp#@n9&¢©m 198 oughhei as

126 and 1%%1—.&@1@%61 1 hdtlasy a5y Wi possd ﬁ?réﬁf‘é}ﬂ'&'iﬁrléi 1941 £ 0 the
paper); t he p6$pes of t he pol e pieces.) But the dlrecilon of fl ux

condudtlo ndlcular to easy axis 110 in angl ed sections 118,
120, 12 and 124Thanﬂa§ﬁe&1befméld§hEEQtI’8ﬁé0@§pQﬁ.eﬁohﬂrﬁh§CQ&e106 108
condugt neti.c .flux artial %ﬁﬁ nDtlo However , £ole eces 106,
108 arle cSRPOPIGIER éh éﬁy dyt e B %ﬁﬁuﬁﬁﬁso &) the
pol es |pr et paainey dfy afam'atllaojen aﬂuiarpddl:&ahdl)cwmid ot langitueiwd nbl v,

condudt i o?)ﬁ)é \ﬁl I trgoghgg%ii)dse Iééﬂ %qlet ﬁz%’#q?ﬁ fff erabl ?lg% or o | ess)

of the qux con a resu ous 8B f1ux
conductloml@ybmm ispthespendigd Jamitcedthe eB@:m;s:@d rmemmnﬁ of thex

condugt i 0RghRak QY S bl WaldedBidrd 19H118356S ahddle SalSGivessst he
fl ux conduction and easy axis 110 a pproaches ‘zero, angled sections 118,

120, 122, o&n&herdengthyiah RPe ;ﬁl%%ﬂ%l F08rmithe Maghrt M s (B g |
OppOSIte 12 a0l pAHHHRB)cUWIdN 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 P 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. | '

o 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, ahgled
i 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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Y .
respect ,to |l ongitudinal axis 112. The flux conducts | aterally
(wth respect to longitudinal axis 112) along the domain walls of angled

secti
the |
donmi

ons 118, 120, 122, and the small angle that each section makes with
ongi tudinal axis allows the flux to conduct laterally al ong several
n walls at once. If the flux encounters a domain wall that is "pinned"

by an inpurity, it can freely transfqr to another wall and continue
conduct i on. Al so, the lengths of the angled sections are small to

M ni i zgatBeagiyetrith Weisphcihed lvhgituindictadi 4 ad:m)aléyom;tbhéespect

to 1g
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pat h
but t
axi s
gr eat
m nim
to |d
coi |
the n

tud hi I du th
P ReRR vl o sk aned o, <SSR - RaS erdhin & HEAF or R L Lx
Ieaggheptbatdedcbyspakaopl@@tasi@axHUhhesiqngmtndxuabqunso m crons,
I I t udi nal
18& NEfeO Elee ol WonRRkh q§ﬁ§E§H%§ ratléf%§8§%%56 SREPRL U '”?

ess m Crons t engt S is
erW{ihéﬁ ab PBCQ)- If the ﬁrluasd@nqmteme a slama kn combl reakdiso

i ze?ihﬁeauﬂta?r agf 1&nbmt5,hat1tf lddh 115 ARAUGE R et F @ Ao¥héR T espect

udinal axis 112 while still achieving nultiple passes through each
10231}OindTﬁaPtF§“ewﬁPPQuﬁ5#8“poIe pi eces coul d be added to increase
unber of tArms, tié léwgthsxof sSthe@UphglledhsaughofacAredismaltlo do so

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 piecés
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woul d increase the nunber of tines that the flux is conducted laterally to
| ongi tudi nal axis 112 (and -non- perpendicular to easy axis 110) and thereby
add to the anount of flux conduction by wall notion. Applicant. has found

t hat providing two passes through coils 102, 104 provides an acceptabl e

bal ance between increased i nductive coupling and increased conduction by
wal | noti on. Q her enbodi nent s are within the scope of the follow ng
cl ai ns. -For exanple, the easy axis can be induced in other ways

other thantRy - geeeahbbnq,fora HARRIIIRY i POl &rdit essn le, the easy
12 in the pgesence of Egggetlc field. For exanp]e . the easy axis can

be forn@¥iBy ERe §ofeawﬁédbva Seraatdiaten A9 IRt Fo FRALIRRCR” t he
ferromageehod fmtehigh tﬁedem&iom@rmtla: Qe gL af‘@|@e;§<miﬂd:ﬂl0£ttile easy

axi s at he angle_ o osi t rnativel ._th axi an be produced
by a cohbfe4"4efBE |o§ fmfiﬁ‘ge E‘ﬁ O | ﬁleaetpfkg'b% e eo? the material,
t he st r@epo$iéldsAlhéuoad1mlyhetm erisyl aduirs roprddpn Producedindy tde

S50 Safibi U, BiEtscp of BCLABRAREL e L NERLE st
still foateetalpothepssress2@ieldss madqcnmcr@% nﬁenerrmlsttgwerrrm t hat
are di spos&di iofb! hAke tRBILRSHeR Y@ the pole.

Referring to Fig. S, 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 F 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 parailel 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.
SegméﬁtE.ZIZ, 218 are depositéd 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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| ongi tudi nal axis 206 of head 200 and that have different easy axes 208,
210 oriented perpendicular to each segnent. As a result, magnetic flux F

fl ows perpendicular to easy axes 208, 210 and is thus conducted by rotation
t hroughout the entire lengths of pole pieces 202, 204. Head 200 is
fabricated by form ng segnment 214 of pole 202 and segnent 216 of pole 204
parallel to each other and along ag¢ i-ne 220 di sposed at an angl e of.

approxi mately 15 degrees to longitudinal axis 206. Segnents 214, 216 are
fornmed in tiEhemeseneeiof £ buwasaiet | €hifoegn bbdé psedesepbed peapendi cul ar

to the lLen f.ih e nts (i.e.. .or gonal, to line 220) and in the
pl ant® o?g?ﬁéggggmg t?f’%,&%?%m ol Ie%tlsssfq%r'rreggjq' steoﬁﬁﬁg}eﬁlz of pole 202
and skyowah 218 3R4poliate@toanectdmgsisesmhepdrsaldid, txd&ddirandier and al ong

a lipg, 222¢di S Il glog 4t 0 '%ﬁ& j t hat
betmeg% %%%é %gg §§3%§§?§“§86? %E%%hﬁ§421£?é51 a?gl eg%g%ﬁé in the
presehte?dB-a magnetic field that is perpendicular to line 222 and in the

pl ane of therrAYTEIH Sofrd £8én | NEaREYi Xk uR0B ehategneats 2hd, 218 is
per pendi cular to the_lengths of the segnents.

13 CiP Of, eyfle.nREAE: PCoFFuLBals SoiaeVt dbes LERIEREE | s
conps&nednby2eenbecrorgtiepebetant2, thid fllegetitepdrpedidiicuiar 224,
|t S8 oanest L0 SSEREN! 52161818 HUHOUOR R 2% A1 PUPCLIY Seaments
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.g., S 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 £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 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.
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Vi a 228, Thus, in operation, magnetic flux F that enters the tip of,
e.g., pole piece 202 is conducted down the I ength of segnent 212 by
rotation, because the flux is perpendicular to easy axis 208. The fl ux
remai ns perpendicular to an easy axis (easy axis 210) as it is transferred
to segnent 214 (and coupl ed through coil 230 for the first tine), and thus
the flux is conducted by rotation through segnent 214 and into segnent 218
for the return trip through coil 2387 The flux renmains per pendi cul ar to

easy axes 208..210 _as.i,t _passes throu S ngs 8,.216_ and .t hus

conpl et es itsFégﬁd30ﬁ¥&¥4§ﬁéﬁﬁﬁ1?ﬁﬁ%é%#e§%§f&él?§f?o}§fiSﬂFmed as  Near
the tippaix2 of lohinptedetages 262, ©hd,f Ltx bednductisiepatidaad |y by wal |
notio Gals - direcLLQp; f L ux d .an i gl e piece is not
stri cﬁhyabcg.er peﬁrdélrg%rg%ﬁ?pgéggggfeé%8@??2 S%E%hébgvgr%gqlt%e fect of the
wal | mRaeens af ipple Pbegecr08daret dappinaskdr inl &hgt Isame guanreenyd crons)

of tipmyds 252 is FefREdT 0 8H3I PriCefitd of aNRabReit Helle WAY inN
whi ch fl'ux conductj on bg rotati on can be enhanced d .conduction by wall

an
ot i oFBR AN AN M AL FYRACRedd 6d2FEetotProPRPERE Jiadeds 28, 108 from

two onvifN exrl asdsatedis ayeoa dlspobade pdirbbaagsatilyroticerimed X raxes of
of lL.am nated | ' hin f.il head is the

gﬁg?g%{tz%téﬁeg?t ;’%e%#ts BPI FEREFEACR Pt ég’%uhgg?’eg‘}f‘?ff A il ed August
3, 19881idiy IvytdmrasS4etisl foreadi isedhiEked Spreéhdtnghéhieassy lanivagnetic
e, S, 0 LS 78400, SoRSHL AR, AE SATES AR B (1S

segment 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_eaéy 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
condu;ts 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 requireé 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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14 . . Fig. 6 illustrates segnent 130 of pole 106 forned as a pair
of lam nated | ayers 252, 254, it being understood that the remaining
sections of pole piece 106 and the sections of pole piece 208 are | am nated
in the same manner. Layers 252 is forned in the presence of a nmagnetic
fields the orientation of which is selected to provide |ayer 252 with an
easy axis 110a di sposed perpendi eulrd8r to the I ength of segnent 130. The
direction of the magnetic field in which layer 254 is fornmed is shifted so
t hat dweradys axppdilagbaotelsaps, 2be ifduxonupespdiadithd adiascente | ength of

segﬂem,beléoso tdgel h¥. c8asS¥raved thOBuigh @hieCRa®dh R PeRdiwcul ar to easy

axis 11T0a (and is _thus_arranged parall €l  to the I§££¥I1 of segnent 130, as
showniFRegERce 6) TREt fARXs Con§anugs Ao drwar Packy fiartdsed at a snaller

gggg%dﬁﬁ@erﬁe}o‘@?@l tst e529sp5axalohgO@hef an@&&”ﬁﬁarx}j@?é&&r@}g&)n or possibly
egrees or.|less). | n_operatiqn, net i X ,canducts nore

easi I]?/laoyu’?%{%tt%gng?ﬁgﬂeﬁytagnﬁf R& Ic’%nnﬁﬁg%gﬁ’f’. 1§t°attg’d"tar?o?t her way,
condutiemtdy penpendirillarptiooeagyesasriiss 14 Oai.ghart itiyied pedmtt,o t he

cond ' X .1 o] L.oR ..o lQn. , ' lux F
et eraie EhEk £487cbRacE Y, FORANISH T o Ao sV o e, hyer
252 (deceamzinpeir Layer péRpesdifubPasses &hrpughi $helgemadmfiarhus al | of
the flpuxsderpbnsi1sy. | ayer 252 at tip 114. Wien the flux enters angled.
region 118, 1t is _perpendicular to neither easy axis, 110a nor easy axis
110b and t hu¥h@arf 1ttt KBRART HUrEls WEPeHt IAYSh #¢ tFteeprdraler 252 or

| ayertadughioyeyeionbegagse 10t f(icedomine Sbklet wak il | ayers 252, 254, the
flux can copducts bé rotation gergendlgplan to th eas¥lq¥|s of each | ayer
(e.g.Beq 1oabarigasy aKdrt 1dPeP antBt e dte TRRERES 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
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domai n structure of the layer requires the flux to conduct by wall notion.
At this point, the flux is able to conduct by rotation perpendicular to the
easy axis of the adjacent 15 | ayer
254, and as a result, the flux junps to the adjacent |ayer so that it can
travel through the path of |east inpedance. The flux continues to junp back
and forth between |ayers 252, 254-alieng the |ength of angled region 118
until it reaches the region of section 130 that is oriented per pendi cul ar
to eas%F%xﬁ%r4§®a1nAth?hp§e§9m@B ofherthegonad ceghediichyfiedids iten in | ayer

252 oiakve Wtﬂ@?‘énai asg‘9l Q@cebsn3|zaye'§2%52r%%detctﬁar%§.%s t a0k tihe

remai nder of secijon lux remains in the uppér layer as it
conduct&® t}¥ &@ﬁaééﬁgl Gﬁsei‘ﬁ’ ai‘3§ ?llze andh e3syy &< 4Favidfy 4Fer pendi cul ar
easy gdrallldn)touakik Bhoreadltsughghadseegrdent4iond alfed siqwint, the
fl ux JU s between the upper and | ower | am nated | ayers 252, 254 as it
seeks a|yﬁ§?f%Tough which it conducts entirely by rotation. The fl ux
resunes condu&hﬁomahrqumaomeg@nheﬂdy3®men51¢ompheheé bhefoeging of

segn‘eq}la]s4(£ éfcghﬁgﬁie@hgaﬁz@lLaeblte%el Q tell’\%t e%ﬁ @fx’o%ml.lz The f1 ux

agai n conduc roug e upper and"| ower m na ayers when it reaches
angl ed Sect|gﬂﬂ1ﬁ@&ﬁﬁ§*ﬂﬂ9jmﬁgnetlc 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 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 perpendlcular 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 ﬁhe relative easy axes orientations could be disturbed
by thé high processing temperatures used to fabricate the
coils. : '

Refefring to Fig. 8, the pole pieces 402, 404 of
thin film magnetic head 400 are provided with regions 406,
406 known as magnetic "tails." Magnetic tails are described
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Referrlng to Fig. 7, the topology of the pole pieces 302, 304 of thin film
head 300 is selected so that lam nation of, for exanple, the pole piece.

sections in, e.qg., 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 fornmed in the presence of a magnetic field
ori ented perpendicular to axis 310 so,fhat sections 304, 306, and 308 al

have an easy axis 312 di sposed perpendicular to their |engths. Af ter

seriall ﬁrpqrgwltﬁc!s Codsedd o316, 85 €, 886! | £856da( blinst 5at 39B), ahpe remai ning
sections 318, 320, 322 of pole pjeces 302, 304 are each forned._froma pair

of |am wattedied e ?@P%t%m%ﬂéetM%r@ oPUBRERSScREFBANAISU1SF0, 322

16 arFd 1 gTeith IlIbﬁclettlDdiEﬁ@nCEe@cBr@ihdjmgoﬁhlicHBgﬁe&!sﬁ1§h§hd&ot &hlgave -
orthogonal eagy axes 324, 326, res ect# & % Easy, axis_324 is parallel to
Loy Gt REFE rgf

easy axiP¥eSEIT Anp USRS B°FTRh3 O aRY sT816 €8 fnough t hese
or|entaﬁamh;magneumcrEnx&s@@q, 408 has Taemfiabr laageonsotfheadaded i s

compl et e by dIUNdig St L BhEE COpneRL &?gggggg;}a&ﬁge 3§dmepLs as shown.

I n operation, magnetic enters po Iongltudlnal axi s
310 and4pHusiﬂﬂ¥cﬁ¥QRRl%n %ﬂef$%&f%%%d®§?@oﬁatéopefpeﬁahcﬁpaﬂ te easy axis

312 of @ BUaiH¥er 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 filux 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
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
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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and 308 and perpendicul ar to easy axis 324 of segnent 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
i s beause the orthogonal easy axes 324, 326 of |am nated segnents 318 and
322 cause the flux to junp back and forth between the | ayers of the

| am nation to find the conduction path of |east resistance (as di scussed
above), and because the direction of flux conduction in segnment 306 is

per pepgi gubrs tnreagn Aa¥h8 350, conductm ¥V HYm Afalihencigngenent of
Fig. 7 oye which all layers are lamnated is that fewer process
stepsl%réuﬁﬁgﬁﬁdaY81aﬁpn1the pol es. Additionally, because the pole sections
di sposed underneath (and thus below) coils 314, 316 are not |amnated 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 tenperatures used to fabricate the coils.

Referring to Fig. 8, the pole pieces 402, 404 of thin filmnagnetic head
400 are provided with regions 406, 406 known as nmagnetic "tails."” Mgnetic
tails are described 17
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in my U.S Patent No. 4,931, 886, issued June 5, 1990 and entitled é
"Apparatus and Met hods to Suppress Perpendicul ar Fields |n Longltudl nal
Recordi ng", which is assigned to the present assig I ncor por at mee—and i ncor por at ed
herein by reference. Each magnetic tail 406, 408 has g ggﬂla@é&@Repw&df ace
area than that of the remainder of thg corresponding p or
exanpl e, the surface area ratio of each tail to the reﬁ pole
is-at |eastcpaAlnggd preferably 10:1 or greater. t hat
each tail pr_eTs'e—nt_ a | ow i npedance | eakage path fromits pole to the '
surrounding air, thereby elimnating the need to conplete the flux path
betvveen pol es 402 404 by connecting the poles together at their far ends
(i.e., the lnds Iﬂltbpbﬁlm mpgastia ransducep sompsising | n operation,

rragnetlcfluxFent ole 402 .fromth or age ;redi um (not._shown) and is
conduct ed by pol“bXﬂ c aE’H’r&n?ng‘E’Eﬂ?HtY49€f e?)fu\? ng s atp CXEUHREY” 412 out

of  nol e 901 hetfiRy utih b Trsf W/eRBN AhoBlied Wia | RMVARP sndB forklQ octs ke

an antenna pu rom surr ng ai e it as

return fl Weténding SdierAf toBtbversel Cs@I@'fﬂ'kte dh*é@uf)h UXaidabbm§ heaelgh head

400. The flux as Tt conducts through pole 404 passes through coil 410,

t her eby pr chaviinggnt besyelahfsnoédnaglmlmatmn mwnbd rtarsyersecto saldefipsteces 402,

404 and the_coi] discussed abgv Pol € pi eces 402, 404 g

const ruct ecfha‘ﬂ‘(!l%‘r $%r§'g%§dﬂﬁ%db't"df3%@d‘%% ‘BFRP&’a‘f said carms predgminanils BYi bed above

to enhance X therethrough by rotation. For
FoRRiGERARED bk 86w RERBHgR, ot o or -

exanpl e, pol xes oriented perpendicularly to

the dingction of fdo?}xnﬁ@ﬁ@}iﬁéd %twag&g,tbx%gf% RebeRle HEtAEwd WaxF i s not

required to change rection (i.e piece 402 to pole plece 404)
as interactions therebetween
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

15  wall motion.

3. The transducer of claim 1 wherein said arms are constructed and
arranged so that no more than 10% of flux conduction therein occurs by
~ wall motion.
20
| 4, The transducer of claim 1 wherein said easy axis of magnetization

is perpendicular to said first direction.

5." ™ The transducer of claim 1 wherein said relatively short portion
25 extends obliquely to said first direction to reduce the flux conduction by
wall motion in said relatively short portion.

6. The transducer of claim 1 wherein said yoke comprises only two
of said relatively long arms, each one of which is intertwined with said

30  coil so that a total of two flux interactions are provided between said yoke

T




18 it flows through head 400, conduction by domain wall notion is

ded. ‘3_______,]_.9//
A thin filmnagnetic t r ansducer (200,7300) conprisin

further avoi
CLAI M5 1.
yoke havi ng

| east one easy axis of magnetization (208, 210) and
havi ng at | east one turn, said yoke an&3sa| d coil bein
K sal d at

provi de at |
one turn;
(212-218)

a plurality of arms (202, 204; 302, 304) eamssﬁeetmas%n

east two flux interactions between said yo
and spid [celst one of said arms having el ongated segnents
each of which is disposed generally along a |ongitudinal

\( 230)
| east

axi s

(206) of said transducer and has an easy axis of magnetization oriented

the ﬁ%%saacé}f f lotfmC PNIHELeli? gt tléif&%'iu TRiativesy %BB& and at

transver se t

an oblique angl e Wt
segment s bei rngbriidhn ditlidesa a0 phaalignofofayesy dlaSﬁ@mmfferdm elsyeakes |ofx

respect o sal d | ongi tudi axls, one of said

t hrough said coil.

10

15

20

25

30

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.
8. The transducer of claim 7 wherein said layers are laminated.

9. The transducer of claim 7 wherein one of said different easy axes

of magnetization is perpendicular to said first direction.

10.  The transducer of claim 7 wherein at least one of said plurality of
arms includes a portio-n that extends obliquely to said first direction, said
portion including said plurality of layers to reduce the amount of flux

conduction that occurs by wall motion therein.

11. A thin film magnetic transducer comprising

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

a coil intertwined with said yoke to provide at least two flux
interactions therebetween, |
"7 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.

R O O
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2. The transducer of claim1 wherein said transducer is fornmed in a
plurality of thin filmlayers (A C and said segnents (21Zhi2SkkptHas Been Replaced
separate ones of said |ayers, one of said segnments (214) of ( .
one arm being joined to another one of said arns through’ an

portion (228) extending between said_|layers. 3. The transducer of claim
1 wherein said transducer is forned 28 a plurality of thin filmlayers

(A, O wth said.segnent 212-218) . lyj i p sepajrate .anes of said
| ayers and Wei n&ﬁ'@gﬁﬁ'&iﬂs"&ﬁ" pbg ‘anelrl Y'E?F(ﬁ]@ﬁaéi {}ggﬁfg\cﬂ' gﬁqufagférm(?e) , said
coil lying . is ' i1q. i &%I;J! .t '
t ransducer "0 ra(izlﬁzlﬁﬁqtﬂx@ H\Z/ﬁgrag{:%’ ?gP afsd(’a(gtérlgi e:ls e%“%&ﬁ)m gé%aratless-égtged obl i que
to each ot hgfersasdidie ePsiid 3¥gmenBdWoind Goined teaald eaRr arm thr_ou%h _
20 of said segnents is perpendicular to a direction along which said
segment genariatdrmediate pdstion estendingrbetwecarsasidayersf cl ai m 1 wherei n each
one of §ai d arns has said el ongated segnents. 6. The transducer of
cl ai m 52wherein said transducer is fornmed in a plurality of thin film
| ayers (A Wi sai d Ligpe,. seogpents (212« f ch one of said arns
lying in sgéar art'@eoﬁggsao eggr' alalugygf gvfhe{é*g saxd2 g‘rg)lsd)uce? bt Pormed ina

plurality of thin film layers with said oblique segments lying in separate

said layers and being connected together through a transition layer, said
coil lying at least in part in said transition layer.

10
14.  The transducer of claim 11 wherein the easy axis of each one of
said segments is perpendicular to a direction along which said segment

generally extends.

15 15. The transducer of claim 11 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 direction of flux flow

through said segments.

20 16. The transducer of claim 15 wherein said transducer is formed in a
plurality of thin film layers with said oblique segments of each one of said
arms lying in separate said layers, the segments that are disposed in a first
one of said layers extending generally in a first direction and having easy
ziié_s “of magnetization perpendicular to said first direction, and the

25 segments that are disposed in a second one of said layers extending
generally in a second direction oblique to the first direction and having

easy axes of magnetization perpendicular to said second direction.

17. A thin film magnetic transducer comprising

30 a yoke having a plurality of arms, at least one of which includes a

N



segnents (214, 216) that are disposed in a first one of said layers (A
extending generally in a first direction (220) arrané,féﬁsmthziBedn)Replm:esal d

| ongi tudi nal axis (206) and havi ng easy axes of nagnetj)
perpendi cular to said first direction, and the segnent at are

second
Sai d | ongitudinal axis and to the

di sposed in a second one of said Ia%srs (G extending genera

di rection (222) arranged obliquely 1

first dire and havi pg easy neti zati.on endi cul ar
to said s Hﬁ%ﬂ%ﬁ%ﬁ“&ﬁ S, sore of saﬁshsg H%g mgffo’éﬂgl?‘gﬁ;fv | n at

| east one b m f 5\4”34] @ first
direction gfﬁ(%a%l?e& ano h%rrs %é%@?sﬁg‘gégﬁe el{(ﬁ{’%&#)ﬂ en SBPgI’ flux flow
al ong a di dig€dtiontrani2rseMy sdidi frst direstien,se to said fi rst direction, and
wherein at | east one of said segnents has | ani nated sub- | ayers (252, 254),

said | am nated atubabay)acsoﬂwamdngpm;ts daymgolamitest isnbilayers, sa(d;LlOa 110b)

t hat have dif.fer ri entat|ons The .trans r of ny precedi ng
cl ai m wherBHn ISBH FY%é‘aUW%%ﬂSM aépﬁﬁfmgetmﬂoq &'@F ﬁﬂ‘é"sdlzf &Pt portion

(232, 405) o] di sposed adj acent to a storage nmediumand to
transfer fgﬁgﬂégg'\}ééeann%:al d armand said nedium and a second portion

(406, 408) that PagmHip 1ﬁt%hgﬁn§&”\fvﬂﬁesﬁd gy'f’oke to provide at least two flux
21 relative to a surface area of sald first "portion to cause flux in said

arm (402) interaetiond thefdistvebnom sai d second portion to regions adjacent to
sai d transducer and then (414) to another one of said arns (404). 9.
The transducer of claim 7 wherein at | east one of the segnents

10 18. The transducer of claim 17 wherein at least one of the segments
that extends for flux along a first direction has said laminated sub-layers,
the easy axis of one of said sub-layers being perpendicular to said first

direction.

15 19. The transducer of claim 13 wherein the easy axis of the other one
of the laminated sub-layers of said at least one segment is parallel to said .

first direction.

20.  The transducer of claim 18 wherein the easy axis of the other one

20  of the laminated sub-layers of said at least one segment of oblique to said

first direction.

21.  The transducer of claim 17 wherein said transducer is formed in a
pIuraflty of thin film layers, the segments thét extend for flux flow along
25  said first direction being disposed in a first one of said layers and 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.
30
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(320) that extends for flux flow along said first di rectlon has said
| am nat ed sub-layers, the easy axis (324) of 0 moéchee?ﬁh @,)Aers bei ng

perpendi cular to said first direction. claim?9
wherein the easy axis (326) of another one of th l“&ﬂlﬂ Iayers of
said at | east one segnent is parallel to said’ f| - The
transducer of claim9 wherein the eas 6axi s (110b) of anot her one of the

| am nated s | a 4) o | east one. seqgnent ue to said
first di rec?& T ‘Eénsg Zf‘T—Fe ft‘a é@l‘erﬁ\‘“ %Wea?ﬁﬁ?‘?q aé?‘is@?ah SPansducer
Is formed i f&gﬁ%n

(214, 216) t %g'fgafeaxtgéeﬁhéé% tﬂ ?'Isgbiézg %‘ﬁgg/ﬂsl}eé&?‘?r‘@‘ %I rection iIZO) bei ng

di sposed i neasy hkistofomag ﬂéumﬂoﬂ pepehdictiat taR3didfvst iredttiopasy axis of
magnet i zati on (210) ori ent ed perpendicular to said first direction, and the

Zegrren_ts (212, 218) that extend for flux f:jow al ong sa:jd transverse 4
navi ng S8 0 Zoam AR HGHBERR Ak SR 3. 3 E;eu?%i lariibled SHEIREEEF of ol aim
LRt el A S, LSS Pt (Rt g W A Bge (212 19
magnet i zat | QFtHYPoRENEAsUARs, 10 said first direction (220).

22

24.  The transducer of claim 21 wherein at least one of the segments in
10  said first layer is connected to a segment in said second layer through a
transition layer, with said coil being disposed at least in part in said

transition layer.

25. The transducer of claim 24 wherein said second thin film layer is
15  disposed above said transition layer and is formed after the transition layer

is formed.

26. The transducer of claim 1, 11 or 17 wherein at least one of said
arms includes a portion of relatively small surface area adapted to be
20  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. |
25
27.  The transducer of claim 26 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 poﬁon of relatively large surface
area to cause flux in regions adjaceni to said transducer to be conducted

30 into said arm for conduction to said medium via said portion of relatively

T




14. The transducer of claim 13 wherein said | am nated sub-1|ayers

- (252 254) of said segnents (212,218) that are di sposed in said second thin
filmlayer (C have orthogonal easy axes. 15. The transducer of claim
12 wherein at |east one of the segments (214) in said first layer (A) is
connected to a segment (212) -in said second |ayer (C) through a transition
| ayer (B), with said coil (230) being2lisposed, at least in part, in said

transition |layer (B). 16. The transducer of claim 15 wherein said
second t hi rsmalﬂrsutfay@are(aC) is disposed over said transition |ayer (B)
relative to said first layer (A). 17. The transducer of claim8 wherein

sai d anot her one of said arns (404) includes a first portion (232,405)

o om oo D2 "L TRR s AU A SE Fisieh 27 Wheiefl 848 dHifls edhtdided 64T POr Ui on

(408) of | e surface area re Ive to ace area o ald Irst

portion to &aisend bEXaidMarn®di® asfegmnaﬁﬁmnédia@asa@u iportion! of aelativehe
conducted (414) into said arm (404) for conduction to said nediumvia said

first pdrtismall suifice ardhend saidsportion off rejatively 1argetearfics avedd coil (410)
is intertwwned with each one of said arns in a region internmedi ate said
first portion (406) and said second portion (408).
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