'TRANSDUCER W TH INPRCMED | NDUCTI VE COUPLI NG Background of
t'he ‘I nventi oh This invention relates to thin fil mmgnetic
transducers (i.e., heads) Referring to Fig. 1, a typical thin film
ragneti ¢ head 1O f or witing information on or reading information froma
recordi ng nedium 12, such as a magnetic di sk, resenbles a horseshoe-shaped
yoke 14 of ferrdnagnetic mat eri al (such as nickel-iron) around whiRNTENT coi |
16 is wapped. Yoke 14 includes a pair of poRETQRNSYOCKBT tNQe 33236/ BPERNI ch
are |located cl dsely adjacent to nedium 12. Informati omis witten on
medi um 12 by pa&sﬂ%@“ PECER| ¥AFHC dHPRAVEPHINDPRTEVE| CABPLENG nduce a
fﬁrreSﬁondi ng nagmdls qsf huxeohmisglsteiéﬁ. iﬁhpaﬁagaet gtéﬁia%lxmﬁ?ef)ﬂduct Fd

rough on eces e lathe tip.q e pole
pi ece. 826%&3 ﬂg? %H% RS b?%’va]rd%ﬁlq?g %%Hé:bellesctarl lé’bﬂaFé are
recorded as paghetf cs'er babinumrer AV D BA41.2.f ilfesd fJune c2| r A9is9 ,i now
conpl et ed Ry h88eget urn of the magnetic flux to thin filmhead 10 via the
ot her pole piece. buring readlng, as head 10 |s oassed over a pair of
magnetic transitions 15, BeckEzeundaefathe. [ §A4%Redi um 12, flux
emanating from pagiilyd ievenisint k@M akssi &oCQHQHCEQQmUﬂaI;hé@iJQh the one of
t he pole |ece 18 and,returned. by the other pole piece to the negative
transitio riﬁs uGRESt (hix®: cHRRRT  on t hrough yoke 14-i nduces a
correspondi ng el &Retfieradingsitgpn&igi.n1coll t¥Ppical 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
piéce. 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.
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- 2- The amount of flux inparted to the yoke during witing by the
.coi | .depends upon the wite current |evel, the nunber of coil turns, and
the reluctance of the pole, anong other factors. Simlarly, the |level of
the voltage induced in the coil during reading depends upon factors such as
t he nunber of coil turns, the strength of the flux 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 cotl2 - Referring to Figs. 2A-2C,
the ferromagnetic material of the pole pieces 18 includes nunerous

ni croscopi ¢ regi PR, apepnt 0§ ohkihsimRRIERS i the oiekfagvetling di pol es 22 of
t he mla_termajtla{gﬁbqﬂ rcg;@eéoﬁhae@s&?a@ abphSther Wdt?bﬁuﬁlﬁéﬂgl %w@lpr .
anneal i n in e enc a diregtig etic 0 _cause the

di pol es g%‘oﬂ“@%ﬁ%p6§§fﬁﬁﬁd%H§Pﬁs ?@gt SeESggggPpﬁﬁeﬂ m#?ﬁ ? , oriented

at an angmongf dihedeyfectoos.18Gitddaerdy,t thet Aevehgogt thefveltiagierect I on.
The direciQed Wira %%ﬁd'dm'ﬁa Q‘re%cﬁkwhg@%geﬁagﬁégﬁt $alP6r LT SREK T ed

axi s of rmag neti zati on of t lece a he easy axis 24.
The di polas anhegmmheropft lﬁ‘@ldoﬁﬁl?% i fhehstrgngthorfokhehElwateri al and the

domi nts geés%ﬂ&@dﬁﬁ&w ddia mmt Q.Pcl %'rark]r%l%;lﬁ.hrbh?h the %ﬂtéﬁtaﬁ%“ ux f
generate eS r enai | e er n e apsence o
an extern %ﬂ’;ﬁ%%ﬁ%ﬁ’gﬁ%ﬂe Y1° %1 rh?l() current %E RORERMR i ¢ f1 ux

S appl|erhta)mdgnqnjcauﬁadins'ﬂ@rmeﬂashengnductane tbhuplighgt betweeh during
writing cghé)yyo]peasaﬂ&gcl{éﬂecoqql.e over magnetic flux transitions on the

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 dipocles 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 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 appliea in a
direction parallel to the easy axis 24 (Fig. 2B). The flux
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medi'um during reading) the flux is conducted through the nmaterial 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 f1 ux 26 causes domai ns 20 havi ng di poles 22 that are

aligned with the direction of flux conduction 26 to increase in size (at
the expense, of those donains whose di pol es are disposed opposite to the
flux direction) as nagnetic dipoles from adjacent domains reorient
thensel ves (e.g., by 180 degrees) to-becene aligned with the direction of
flux conduction. As each domain grows in size, its walls 21 nove to define
new boundafi €3usesvdenaihe dnmavisng dipoles|ax tlortduntd @il iledakdithot i on

undesi I ek al SOASa 2 %#&h ur,i_ti es,
Itﬁe mat er{Eﬁé &li‘eéte&tsﬁeé?msie@rrgnt ofu%{%ozrfg?%l@\f\la ]&‘hen a tr'fal n waII
ggﬁneggﬁﬁ

encount er FRe9l thesenfemeiss tdRpie a%m/qumw (qlsé’Osedpl ns") the
wal | at tbppesiteotot bRei mlayrecp&ﬁy;eptaglgnagnéﬁlqgnd@elr& eftrormhe Itoﬁl nt ﬂ‘
the '”prA{gacl £ SHEkHQGEeQI-lérE‘e t}’%ﬁeén CO““ y efg{ﬁé,%%l ét%gus%geg € wa

to "stretc orlng eneryg
suf fici ent—oeheﬂglyet alignedi ws‘eﬂlftﬁe aimté:etim*l b Hff Ihe cdmlnfdttl)on t haswal |

br eaks frggcﬁuggﬁgkx fg&§a§hnglége 9% 2f glectrical
kR S or

noi se (known as " ausen nol se cures ﬁHtI8H si gnal .
The appl i BG“T‘FG’ilﬁESPeE‘X%%’édt%etCFﬁ%Wd to assur e

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
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that the walls 21 will be able to gather enough energy to nove past the
inmpurities. As a result, flux conduction by wall notion is sonmewhat
insensitive to the low flux levels with which thin filmheads are typically
used during read operations (that is, the material has | ow perneability at

| ow flux | evels). In addition, the domain walls 21 cannot be
rapidly noved, and as a result, flux conduction by wall notion is

unsui tabl e in applications in which high frequency changes in magnetic flux
are encount er ed. A second mechani sm by which flux is conducted

t hr ough etic naterlal IS Qy rotati,on,of the pagnet]
- 4- dlpxﬂié? 2 (He S InFh; s ThdsSydFedBpe g§|9PﬁbY%ﬁ% Fhéx 26 in a

directi aflux amswfrr se c(:suzdtm }nerlapenélrsal gsuchoashpeepepdhzusary €61 g. 20).

'|'3ecause tﬁ?émé C%‘BJE O(rf:‘l Bar Eﬁﬁquggoﬁomlﬁo{}%ﬁt m&@f h

pinning™ 1s n nooun ere ausen nol se m nat ed: Furt her,
t he donenet digbled ywgomded Cmii!ldydcrtottateeféllkght‘PynD@nqbndacnothe flux thr ough

the ”BIf%ﬂéBunéﬁiéHréﬁﬁ“é&rﬁﬂdﬁéeﬁoﬂéﬁgh'QB Qilﬁ@ﬁé&é&n '?uf@ﬁ@?ns've to
hi gh fre uency fJux varjiations as well as |ow a ux levels (that is,

per meabi 3¢ yA9maip SHRRMGS 22 MGRY QFéVerFa§ﬁpFEgahFFﬁxY° conduct
EP- 0400 78Re dEBSX | flesowgHadiee mat eriiansdugaer ahaesagtanfilakeebniaetiogoke and

planar cQi I, (i W0ehi d N G VeSS BidR 'e2bGLERALAETuR! 9081 RETYRED
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 at least one arm which includes segments lying
in separate layers and connected through a transition layer;
a coil is intertwined with the yoke to provide more than two
flux interactions therebetween.

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 and the induced flux 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. The segments are connected
by a via that passes through the transition layef. The yoke
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two planes in which the yoke lies, and which provides only two fl ux
dinteractions of the yoke with each turn of the coil. EP- 0482956,
which is prior art only by virtue of Article 54(3) EPC, describes a
magnetic transducer fornmed in a plurality of layers and having a yoke
conprising a plurality of arnms, in which each armincludes a pair of
segnents which are di sposed at oblique angles to the |ongitudinal axis of
the transducer head. Summary of the Invention

The present invention provides a nagﬁe?i& transducer according to claim1.

is constructed from ferromagnetic material, such as a
nickel-iron-cobalt alloy. _

In one embodiment, the yoke includes a second arm,
segments of which lie in separate layers and are connected
through the transition layer; segments of the arms are
connected together through the transition layer to form a
multiple-pole magnetic transducer that provides a flux path
with a storage medium. The multiple pole transducer
provides a total of four flux interactions with each turn of
the coil. In another embodiment, a monopole transducer is
provided by constructing the yoke from a single arm; the arm
is intertwined with the coil to provide three flux
interactions with each winding.

An important concept provided by the invention is
constructing and arranging the yoke to conduct magnetic flux
predominantly by rotation rather than by wall motion. 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 £lux
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 a general aspect of this concept, the arm of the
intertwined yoke has segments that are oriented obliquely to
each other and have easy axes of magnetization respectively
transverse to the directions of flux conduction through the
segments; the segments are joined together so that flux can
pass between them without flowing parallel to the easy axes.
As a result, the flux conducts essentially entirely by
rotation through the arm.

Preferred embodiments include the following
features. '
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One general aspect of the invention is a thin filmnmagnetic transducer
formed in nultiple layers that includes a yoke having at |east one arm

whi ch includes segnents lying in separate |ayers and connected through a
transition layer; a coil is intertwwned with the yoke to provide nore than
two flux interactions therebetween. The multiple 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~c8nducted by the yoke during reading

I nduces a great el ectrical. siqgnal, in th i1, and.durin I ting an

i ncr eased Ieva<¥§ ],,EnRe é&hté& VHlFﬁeggﬁkgrPﬂsﬁggﬁBngﬁgiﬁé?ﬁe wite
si gnal appbi pdles,t hbecpoke ¢tompehees|an tddditihreed adrestitiical si gnal and

t he i ndu : apes| a ' d nunber of
lux 1 nt SPasanoty be1bRELATEEmANCE SREt HaldliBlad Bl A o no

f eat ur estransversgnhiocthe diregHan nef tfbre eenpdurctinn (theredm. efde in part

in the tsagheht8NokayRe. séB6n&CAFR N Be 3jS1i N NESISEhdY b \Wratt Fatuxpasses
t hrough the trag5|t|on

L5 3 BamsErUBREHePRON R FBRTEHLET At fERRIYS g RATakled to the
easy axes. A segment of the second arm is connected to a
segment of the first arm to complete the magnetic circuit in
the multi-pole transducer. The segments of each arm lie in
separate layers of a thin film magnetic transducer, and are
joined through a transition layer disposed between the
layers. Likewise, the arms are connected through the
transition layer. The coil is disposed at least partially
in the transition layer. The easy axis of each segment is
perpendicular to the direction in which the segment extends.
This substantially eliminates conduction by wall motion
within each segment.

In another embodiment in which the transducer is a
monopole device, a single arm is provided. Near the pole
tip, the surface area of the arm is relatively small, and
the arm includes a portion that has a relatively large
surface area to radiate flux from the arm to surrounding
regions. The large portion thus serves as a "magnetic tail"
to complete the flux path with the storage medium.

Yet another aspect of the invention features a
process for forming a yoke of a magnetic transducer in which
the substrate on which the yoke will be formed is positioned
to provide an oblique angle between the axis of the
substrate and a first direction, and a segment of the yocke
is formed along the first direction so that the segment is
oriented at the oblique angle to the axis; a magnetic field
is applied to induce an easy axis of magnetization in the
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ni ckel -iron-cobalt all oy. I n one enbodi ment, the yoke includes a
second arm segnents of which lie in separate | ayers and are connected
through the transition |ayer; segnents of the arns are connected together
through the transition layer to forma nultiple-pole magnetic transducer
that provides a flux path with a storage nedium The nultiple pole
transducer provides a total of four flux interactions with-each turn of the
coil. In another enbodinent, a nnnogo&e_transducer is provided by
constructing the yoke froma single afm the armis intertwined with the

coil to pLOYLAE LRIPE {hEXhPLEIAGL 1 ANy QL RNY dirag. An
i rrportang%%ncgpt prov%%%ds%%ﬁle % nlventx?ﬁolrgal s constructing and arrangi ng
t he yokedibegebh®let magnetic flux predom nantly by rotation rather than by

wal | motion. As m@rdfeyidds drtRdimentducatliu@eWehe sollewidgr use in
applications where hikgh frequency changes in magnetic flux occur. The

t ransduc&P2F8T&Fso highly responsive to low flux levels (that is, the
transducer has Milgh sesymerabiils tfprated by feprslitingsfertomagnetiance of fl ux
conduct | @By ;48! bn"PhE0RBLEPALL CaMA VeHE ikt Y INUITP N SN AR ea

In a general aspect of this concept, the arm®of_ the intertw ned yoke has
segnent sdurangadepositiend oBneRIReEiC Bl diier@PHd 9%ave easy axes of

{Tﬁgget ihz?EEQQVE?&B?C_Eh&ﬁbi‘eféﬁﬁﬁysirééfr}ﬁ&ldlf@rﬁf,e(xtd ae @iddtux conduction

pass. bet AMERCERGH w FRBUALFPCRRAD Por bt PPRL Hhe 1o, TR o Yoo .

the fl ux obaidquet angdeeatrieakk)eechedr byahyange dtheoredsy augls time aar m

Preferre%r%%gggk%ggga LOGLHdG i BR {2Lh OV OFect 8 WifS extent of the
segment.

The segment is annealed. This avoids degradation in
the level of anisotropy over time (a phenomena known as
"magnetic aging"). The annealing is controlled to minimize
temperature-induced changes the orientation of the easy
axis. For example, the anneal is performed at a temperature
lower than that which would normally be used to anneal the
ferromagnetic material. Another way in which undesired
changes in the easy axis orientation can be overcome is to
select the direction of the magnetic field and the angle at
which the substrate is disposed to compensate for the
annealing-induced changes. For example, if the segment is
to have an easy axis oriented at 15° with respect to a
normal to the axis of the substrate, and annealing causes
the easy axis orientation to relax by 4.5°, the segment is
provided with a pre-annealing easy axis angle of 19.5°.

A coil is formed for the yoke and supported by the
substrate. The coil is separated from the yoke segment with
a material {such as photoresist) which is heated to cause
the material to serve as an electrical insulator between the
yoke and the coil. The heating alsoc serves to dt least
partially anneal the yoke segment.
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I n one enbodi nent, in which the transducer includes tw poles, the yoke
conprises an additional armwi th obliquely oriented segnents that have easy
axes arranged transverse to the direction of flux conduction therein. The
segnents of the second armare joined together so that flux passes between
the arns wi thout conducting parallel to the easy axes. A segnment of the
second armis connected to a segnent of the first armto conplete the
magnetic circuit in the nulti-pole transducer. The segnents of each armlie
in separate layers of a thin filmnmeg8etic transducer, and are joined
through a transition |ayer disposed between the |ayers. Likew se, the arns
are connected t Hhfih thee firstsisegpentayjsr fornedcothei substpatedist | east

partial | yepasibtoheantbt ppoviayes . sdden®as Al dtgRAUBSRUE ¥hd S
perpendlgHFEErg et9§~d'f§§t on %n w@| h the, segnent” extends. This
substant TarTy: et Fnfhat e3"2ohidtic +{ﬁltéﬁﬁﬁﬂquRHi(§1§&QQH41§%%ﬂ?n§e§#ént.

| n anot htheeybkedi kenthen fibiwéed t bong artssl ubiarst siiaxraoyieng! andew ce, a
single a ' O¥i 3 e; 1] the surface ar of the armis
rel ati velfngbgérg% ¥%%g§§ h%leg??é?%%f]‘g%elsﬁgp%eor | oer?s%e?t’“ﬁasf’efg relatively

| arge suPRgpetazahiep iddtheesecond fsegmente arks tap rasuldyndiheg regi ons. The

| arge posktendt BUgmERELVES 8fiéntdRAetite tdidond ArAPLALS: Wi lddex path
with the stgﬁage e so descrjbed herein is a proCess for

formng 5°y6RE Bfiﬁd%’rgg#é?iﬁu‘??%’%%ceqnq SR ISP tGentathatith e on which the
yoke wi | Febpe€br fredthe pbsst+doemed cs@ymanitle an plhiraueyarg eneet ween t he
formed afabg i porped slfiiees; S50 BAIEDA LT oL MR S Tardid 4%l “the
obl i que &Rl €ape Phiignesanalemgrietplunakity iof dhd isetand isegmeatsn easy
axis of gmEneriéate@natth8esecond oblique, are formed and are
selectively connected to the first-formed segments to
fashion the yoke.
The segments are formed in separate thin film layers
and are séparated by a transition layer. The segments are
joined together through the transition layer at an
intersection between them. Each segment is annealed in the
presence of a magnetic field. Because the annealing of the
second segment may change the orientation of the easy axis
of the first segment, the annealing is controlled (such as
by the techniques discussed above) to minimize the changes.
For example, the first layer is annealed at 260° Centigrade,
and the temperature is reduced (such as to 200° Centigrade)
during annealing of the second segment.
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.
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-7- segnment while the substrate is angled to the first direction.

The segnent is fornmed by depositing ferronmagnetic nmaterial on the
substrate, and the magnetic field is applied during deposition. The
magnetic field is applied transverse, and preferably perpendicular, to the
first direction. The direction of the applied field and the oblique angle
are selected to arrange the easy axis in a predeterm ned orientation with
respect to the extent of the segment. The segnment is anneal ed. This
avoi ds degradation in the |evel of'éﬁ%ébtropy over time (a phenonena known

as "magnetic aging’).,Jhe.a | i ' | e JE UM %e
tenperature-i ndttga’ c‘?‘uﬁng s%@s%lg%aén?takﬁ)%g%n‘t %éctrg}asy axi s. aFor exanpl e,
t he annesricnagneticmmaterialt etpsestulEigeneh) ¢ NARXiRGt £W¥Xch woul d

nor mal |y, hes isadd $,ARA93) nokg ohe(FQBRIBeY i, Cafiat 8k 2hg AD@kher way in which
undesired changes in<the easy axis ofientation can be overcome is to select
the di r @NMFON Y HGRio® f(Fdld &Fd-the angl e at which the substrate is
;jlhsposed to _corrpegrs]aaeiéoa dhegramest 16 gs idel ucev cifarges enfkgd igeantpl e, i f
e segnent, .is to. € _an _easy .axis _arien W th respect to a

nor mal t‘_bpttﬁée B R gélﬁt%é“a&"oésﬁlfa éa,a%ar?g t&ﬁgegf]i‘n}igtég%ées the easy axis
orientation to Fébax4bysdastopheigegnemmnother RAkRANGNt of Jh& anneal i ng
easy aX'Q,g,gngﬁhefmég%é{fa Head of thelifRiehtiidnformed for the yoke and

supporte e ) ] )
Figs. 5 and 5A show top views 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.

Fig. 9 illustrates another embodiment of the
invention in which four flux interactions are provided
between the poles and the coil of a thin film magnetic head.

Fig. 10 shows one of the pole segments of the head
of Fig. 9 in more detail.

Fig. 11 illustrates the fabrication of the thin film
magnetic head of Fig. 9.

Fig. 12 depicts an alternative to the embodiment of
the thin film magnetic head of Fig. 4.

Fig. 13 shows a monopole head with a magnetid tail
in accordance with still another embodiment of the
invention.

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
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substrate. The coil is separated fromthe yoke segnent with a materi al

(such as photoresist) which is heated to cause - the material to serve as
an electrical insulator between the yoke and the coil. The heating al so
serves to at least partially anneal the yoke segnent.

- 8- After the first segnent is forned, the substrate is

repositioned to provide a second oblique angle between the substrate axis
and the first direction. A second segnent of the yoke is then forned al ong
the first direction, and a magnetic fiij@l & is applied to induce an easy axis
of magnetization in the second segnent. As a result, the second segnent is
oriented m (diescdamwh aygle peridakecpddl) tio shehaxsi wagf ashtosubstrate, and

is al so i e 4 i r.st-for g : rali{y of the
first-f o%ﬁ%e%mrlr&en gsﬁi:llrpee.qr%al%dée).,”{aﬁeﬁrfa(#ﬁ nlscﬁggg'ggﬁ Q?ﬁgé g?\ ?hg gékr'rié obl i que
angl e. A 3t and thexgby relanidomprddghdmoreage thei éndugtivet aeuBdingd

oblique, E&-drEIREbrgl A Siped &R bl i8] eoritRGbad 1t eniReriifst - f or med
segnents to fashiqn t nts are forned in separate

he yoke. The se
thin fil MIBEYE MPIF o Brarkted S@F‘%ft"r':éﬂ'g]iyt'i &RXPayér 1SThe segnents are
j oi ned t ogmiserudtedugith hsole gisidds0rsd ,a\par (dt. ean arie)sehatoarbet ween

them Each,seonBilodsn 0eR!£f 1D &I ERENGe Ghog TREALEEST gLy, Because
e annealing o e’ second segnent may ange the ofientation Or the easy
axis of teeiliisttwicgreas théd nneks igapdusteshithaongt podehriasces t he
techni quegg di $¢ UsS e6k 3BRYRImd Fhdk 18 B4 rdiRREC%0.
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 piéces 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 }n the
direction of arrow 41 under head 30), magnetic flux F
emanating from positive transition 40a enters the tip 37 of
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For exanple, the first layer is annealed at 260 Centigrade, and the
tenperature is reduced (such as to 200 Centigrade) during annealing of the

second segnent. O her features and advantages of the invention wll

beconme apparent fromthe followi ng detailed description, and fromthe

cl ai ns. Description of the Preferred Enbodi nents We first

briefly describe the draw ngs. Fig. 1 is a diagranmatic side view of
a prior art nagnetic head. - 9-

Figs. 2A-2C illustrate the domain structure of a ferromagnetic material at

rest (Fig. 2A), during flux conduction by wall notion (Fig. 2B), and during
flux ccwRRkﬁlR*PQﬁ/}anﬁﬁéﬁﬁkﬁﬁﬁirqysﬁ yoke 32,Fagd Set§rasdtagrannat|c si de

vi ew of r?eééliibélﬁfar@ﬂﬂﬁﬂ @dr¥atdon the thigd3940fSpd1keopikkewsgfl a thin
filmm netlc H@Uf and A sq6¥/top Vi ews of a hin film
magnet i *mﬁﬁtﬁ??égé;%ﬂ Pgeges336, 38, 1Ei g 6 shows a
Ianinatepb$xﬁsa¢hmnnghﬁthe interior of coil 34 twice tihi thei kamenagneti c head

Fig. 7 'é Ped oy fyveg gaownwm %J iér{wm%etﬂig h§3d__ once Ek9tng shows

a thin {57 m nagnet
flux 15 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 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 cbmplexity,
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whf'ch the pole pieces are provided with magnetic tails. Fig. 9
illustrates an enbodi ment of the invention in which four flux .
i nteractions are provi ded between the poles and the coil of a thin film

magneti ¢ head. Fig. 10 shows one of the pole segnents of the head of
Fig. 9 in nore detail. Fig. 11 illustrates the fabrication of the
thin fil mmagnetic head of Fig. 9. Fig . 12 depicts an alternative
enbodi ment of t hei nvention in which a nagnetic head i ncludes a yoke having a
figure-of-eight construction. - 1T 13 shOﬁg'a nnnopo}e Eead mnt? a
magnet i [ co ce with |II no enbodi nent _of the invention.
St?uctu?%égigldg%?gt J&ﬁgkance errFﬁg c01 |§es§sg?ﬂfﬁ PFPm magnetic head

30 i ncl @deikdedyoke 32 of ferronagnetlc naterlal (such as a nickel iron
al | oy) |ntertmmﬂgd WﬂEho@s”ﬁlEbEUOBewp$§n§rtﬁfH| 11m magnetlc head

- 10 - a pancake _coi in_suc as to provide
nultlplég?lé&ﬁ?rﬁQéiﬁgé Héi?mﬁﬁ1%ﬁﬂﬂ§r32°éﬁ& éS?h éﬁ4aﬁ659ﬂ§?€by

si gni f | shae | yy | sideate ttl’(te sSamh i liaree d@u@tﬂrmdt Ber Qhe}:&eelncl:ﬁsbéﬂﬂ@aggd with
convent hi f t d ecifica e S
constru%?ggiwétﬁg% %Qgﬁﬁgﬁiigé @%@ %: égg gfnsfggﬁﬁPs§r8°ﬁ%§e¥8¥hrough

coi | 34184 aretinmpghetsand IRdanet dheyt san ble depbsitetwinethe samef| ux is
conduct geot 859 UIe PO End¥ &ifSeliminating 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

Tthquthun
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36, 38 to or from nmagnetic storage nedi um 40. Pol e pi ece 36 includes
a pair of elongated segnents 42, 44 that lie in planes (or strata) A and C,
respectively, that are disposed above and bel ow the plane (or strata) B in
which coil 34 is disposed. Simlarly, pole piece 38 includes a pair of

el ongated segnents 46, 48 that are respectively disposed in strata C and A
Strata B serves as a transition layer to magnetically separate segnents 36
and 48 from segnments 38 and 44. The_epds_of segnents 42, 46 di sposed

adj acent to storage medium 40 serve as the tips 37, 39, respectively, of

pol e pleQﬁ§q&8%t£§ilj“d%%1 % f%%r@&%t&BﬁCGdF@¥s€ g@&y@i gieggternined wi dt h.
The ot her en%yaz dgrent S conn%cted to segngﬁ é hrough a via 50 in
strata B4 Tf e RIEER PPt Re"REBR S ghet Fe FPER through pol e
pi ece 36 dedrttidres UG anidadbypfcpole3406Sagaesestdbn 488 0bf ppbke piege 38

are S| lah OInckatd QUBIen LN hien) TR LOELPL £O1 | sBdchyn Vi 52

Pol e pi eces nnect e eth passes
t hr ough leQukﬂq;QQ?%(ﬂﬂghﬂ@eI@ﬁé§n0ﬂ1§egﬁéntsp4&land 48. I n use,

considering a reagt@pehaath®n Phyér PG Mikdul JBHIL! (rfod ') Qs 40a, 40b
(collecu\/%gécalled a di- Dbit) on storage nedi um 40, gmhlch IS travelling

in the 94 qveR shuadR & GnFOPPREadai6y, 1RndRBPFL ??uioFfOE%anatlng
from posi¢oies tyensdnd Ao/ (s etrata Bhe Eaph3éodll 102, 104 inclpdée pi ece

36, travel&méggﬁéuﬂhﬁgg( é%%h.%%ﬂlrﬁgugﬂ%w%OWIth 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 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 operation of a di-
bit, magnetic flux F 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
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negative transition 40b fromthe tip 39 of pole piece 38. As the flux is
‘conduct ed through pole pieces 36, 38, it passes through the interior of
coil 34 twice in the sane direction (i.e., downward as shown in Fig. 3) --
once as the flux is coupled by via 50 from segnent 42 to segnent 44, and
again as the flux conducts from segnent 48 to segnent 46 through via 52.
The el ectrical signal induced in coil 34 by the passage of flux through
pol e piece 36 adds to the electrical signal generated in coil 34 by the
conduction of the same flux in pole pijgce 38, resulting in an increased
signal relative to a head in which the flux passes through the coil only
once. Thepbhe-phssesondé gures i whcain the Hlgx Ppassesqthraught to doubling

t he effec;%%gegygbf_r,oofﬁyr %%‘4)]:%%0' lan% a"(‘ﬁat out. @i‘iés'ﬁ%ké %s i ncreasing the

nunber of tneral &% &8 15 Turns i 55 nereased by
(n) and taenduabed wrme@m@mm‘tme 138 | @ands 1dési gAReed by pakh an (n

X m i Wpr%e&&ﬂ{:l@t’é& ﬁy%ﬁ@'f‘eéd&rﬁﬂ SOidhand Sl Y Q:h%a%%g)é@t‘i%e' s realized
by the inventio | udi ng, one or nore ad |t|onal COI|S 35

(shown |ﬁrGBﬂEH°‘P| h’é%tl?P‘r‘i'Y’g) fﬁm%é‘rlrpallllf %r?é’éteed”te&ecél Thet he

i nducti veemauﬁi:wgsi@nabkﬁuﬁz?caﬁrb;bethemfmﬁseidx sdadh cdfiur tloer,. 1l6ar iexanpl e,
head 30 c struc% th two coils 34, 35, each of which has 14 turns,
woul d pro cg tha? * electrical signal as a conventional head having a
single coil vmtiTh@Gn@wmm§i¢2fd@ﬂﬂs xhatt agensppdiedxderihgxtiasses

t hrough eé‘éBoQQ{:hoﬁ 3f tHENsi | I d NIHAHUHOED ‘1ayer are ldiGiepdedngn! he

ef fective nunber of turns thout the need to physically build nore turns

into the EBFIPﬁégeaofnﬁﬂﬁ%r BYen ARt RRFRENHS e Y hd eigdiiadingdgt h of the
coil needxist 1he tocpeestde pdle gabSaSes M Q8 0CHEES IWiGIC @Mplesyt 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 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-lo% 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
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-12 - _overall coil inductance, and total coil resistance are avoi ded.

Fig. 4 shows a top view of a thin filmnmagnetic head 100 that includes a
pair of planar coils 102, 104 disposed side by side in the sane plane in
strata B, instead of being stacked, as are coils 34, 35 of Fig. 3. (Because
coils 102, 104 are in the sanme plane, they can be deposited in the sane
process step, thereby elimnating as nmany as three hard bake insulating

| ayers, one conducting copper |ayer, and several via exposures). Each one
of a pair of elongated, ferronagneti © P8l & pieces 106 108 passes through

each coil _10 104 I.scu d bel.o each pole ce 10 108 s formed
in the pré?%hégnb %iagﬁ§fiiigrefﬂdt£5ﬁa958a l%%% x?% ﬁf%? Xs in the
pl ane of tsfu\:@lriolc@lriiqel@eaawdeper(pegdbCQPBOSibealﬁodgqrwlml%ﬁd s'im al ong

uhi ch the Reifedl 690kl tulifadr axgeneisl | Yk sepigdeonaucts Pole pieces
106, 108 are spaced apart laterally by a distance Wover nost of thelr

| engt hs t aGemal %thﬁ@ﬁpcrFPGQCFeéRaé@“BhEP@bB?ﬁeéﬁlﬁnhl%b PRI deh
suf fi ci entadnedm harllisvefpangaedt Beeugbneoihs, 1020, 1842, E’&kﬁdtﬂﬁétsmhll]l4 of

I 1 d d h th 116 of, | . 108 and i
D ceh Coarbiitn e FhEi SeBer BRIy U5 By ol PR ErbL o5 41 o 1
| ongi t udi relllcws S-hiel X lanxd tar conduptdlaberhdlycabongesgverfal e®qnm:ir§1 ve pole
pi eces 106,5,508 ﬁtﬁ’oo?&fét | 0% 1@, fi%Q eWEbGHt@{-E di 3ppsed @51 ptqeadt%oangl €s

W th respect. to ngl tudi nal axis . €03|te end 0, an
angl ed secthigmeds kx aﬁbl@%&%’ve#l“a?§“aﬁ"8$bbs F%F?f%gﬁi‘éoa%%@ﬁ%n 124 of
pol e 106 apfh i1 ardrywdierid twnah@tlgysna via 126. Angl ed sections 118, 120,

axi s 112, N ayRen BRenfidnfit o I Souil TN e MRl 1 ayers
or strata t(cstmiatmmm @x®enthé whéclepbsi féddx 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.
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- 13 - sequentially during fabrication. First, layer pl is deposited in
the presence of a magnetic field to formsections 130 and 134 of pole 106
and section 138 of pole 108 on an insulating substrate (not shown) in
strata A. Section 130 includes angled region 118 and tip 114. Af ter
a thin layer of insulation (not shown) is placed over strata A, a copper

| ayer is deposited to formcoils 102 and 104 in strata B. Each coil 102,
104 includes nunerous turns (each coil is shown with only two turns for
clarity). Specifically, coil 102 includes tnterconnected paths 150, 152,
and 154, with paths 156, 158, and 160 form ng coil 104. Paths 150 and 156
are interc@khes  EAbedingntsi62. paths 154 and 160 terminate at respective
pads 166, 168. PadstHé¥ enbbdligRraise agendehds toepseopesbBgthbrcuitry 170,
whi ch driV?S1§%LLS 10?3.%04 during witing and senses the signals produced
on the coil-§ y %ﬁang PETPT ux during reading. Then, another thin

| ayer of insul ati dfer retanghiewn, thies edsyosixtiied caneibec dnduceéd2iniohennd | ayer
p2 i s depogit.ed, h eggn : Qs t] | t it 132 of:
ol ¢ 106 and et ohe 138 PF el Bar b1 o (6t o ot B 2y 10
140 of pol ém&bej presepcg ef a magnetipcfield. 13XPr Iexampiey the sl e
piece 106 arasCeancdecdotneat berthy $6+8a1ledi B8nd B ofl Sihdiriemasr | ayers pi

o0 P2 SR Bni RS oo Fo SILESIAT P SR 90 O
fornmed at tdlianctiinge aagleeltb 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.
(The pole segments are shown slightly rounded in Fig. 5 for
convenience; the segments may also be straight, as shown in
Fig. SA.) As a result, magnetic flux P 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 thg 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
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to connect pol e pieces 106, 108 together. I n operation, considering
‘a read operation of a di- bit, magnetic flux F fromenmanating fromthe
positive transition (not shown) enters one of the pole pieces, for
exanpl e, pole piece 106 through its tip 114. The flux passes through coils
102, 104 twice as it conducts through

- 14-- pole pieces 106, 108: once as the flux passes through segnents 130,
132, and 134; and again as the flux is conducted through segnments 140, 138,
and 136. The flux path is conpleted-by7the return of the flux to the
negative transition (not shown) fromtip 116 of pol e piece 108. The

el ectri c 29§ RRAPIHchR &P Bhathdetween di8gcR200pPd18%¥151896; s t hus enhanced.
The nagn%égﬁnénﬁ dz»u hemaarae:em@plo&dtdur lmgthbepdaaaﬁcéleﬂ af the pl layer

and the p2 Ia 0. nted in the of ,each_| a er pendi cul ar
to | ongi Itou%ﬁrh %ﬁ'ﬁ; prof=EESH Ilg g?&&? ib@e %gé P 8@35;/ :m s
110 that pbam@rqﬁnnhenﬂagmantalap g¢hartg&hed eseyt agns 208t hé pegnewtsces
(i ionfléiﬁ% eﬂHYE%Ha&hQgpgﬂguﬁegeihsogftQﬁelgg@ﬁ&n@é pol e

pleces 106 108 ma netlc travel s perpendi cul ar“to easy axis 110
and thus is condfbeeBaBPeESEaf1Bs. PTFbt%P¥¢HﬂthQA@cR#ﬁﬁﬁﬁ:QQQy rRS%at i on
thr Ough VifiScdmfl etsl 180 -ith derGaids %e"glﬂﬁn\tlsaélal’ e2digspegetheer pendi cul ar

(i ' Ihég&é@ paﬁerZEC) Ak léﬁgg%ﬂq%gtg% en sphig?s218 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.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 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
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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
pol e pi eces 106, 108 conduct nagnetic flux F partially by wall notion.
However, pol e pieces 106, 108 are constructed and arranged so that the fl ux
conducts through the poles predominantly by rotation rather than by wall
notion. ‘Preferably, conduction by wall notion is limted to 25% ( nost
preferably 10% or |ess) of the total flux conduction. As a result, the

del eterious effects of flux conductiom8by wall notion are mnim zed.
Because the anmount of flux conduction that occurs by wall notion increases
as the amgiad d&t When spipdeciturt Bofdubakentapariigytisn ssenahppinkeihes

zero, ang®Eg 27 808 filed August 3, 1988 by Mallary e€5a1 sections 118,

120, 122 n Jane dis gue angles (e.qg.,
TN L i A R LTI
conduct s dpqilmtzaldlynr( vist lasisdgmpedt tbothengahadanaigasesad18hisl ong t he domain

wal | s of I- e¥§§i 1118, uéggafggéd ﬁg?ﬁégebinPL#??gg g. t hat each

section angi axis a 0" conduct
lateral ly along Eegeréllbbﬂﬁtmﬁﬁﬁﬁlsﬁqmemﬁukﬁoqutﬂﬂiqlhﬂé deededt @ss a

donmai n VWH' éﬂFﬂoﬂfiaﬂydyﬂﬁé ﬂ@&e%@ b@ﬁurbBX hE Séﬂn%r6§é¥r§£6&§fer to
anot her mall and conti nuye conducti on. | so e lengths of the

angl ed Sé‘é}qtorgn%@qug sectlions of pole plece 106 and he
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
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 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 P 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 conducq purely by
rotation in either layer 252 or layer 254. However, because
of the domain structure of layers 252, 254, the flux can

i



to mnimze 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 notion. For exanple, the total
flux path | ength provided by pole pieces 106, 108 is approxi mately 400

m crons, but the distance of the flux path laterally with respect to

| ongitudinal axis 112 is less than 30 mcrons (thus, the ratio of these

|l engths is greater than 10 to 1). In addition, the yoke is
constructed to mnimze the nunber efi¢ifres that flux is conducted
| aterally with respect to longitudinal axis 112 while still achieving

mul ti pl e oeasyesst Byorghasaon perpendiculan tqhthe jeasyixis mf eadl e pi eces

coul d be 1agded (Q4.NCNaYee bBe)nEsbes Shott@Sstdride therdtdXets coupl ed
t hrough each .coil,” to do sq moulg i ncrease, t he anpéi of tinmes that the
flux is COMGISt EFTNETEre °F B SAYRT LBFARITSRi §h 151Wa P feppduct

per pendi &yl araltlo meadynaxi atltlisapdihberehy Athaxt Ds tdiel @nowirdorafudyd ux

conducti Qn |l ti Lca d t _provid passes
hrough o EetEsor BrrBinaibiinreh BAS, oKD ekl of "dle Hdihdalf £20CS
i nduct i vdaysxplasdg and asceczesdltontibet £fdbuxbjunps | tostheradjacent

- 16 - jayer so that it can traltB® EASYudX FnE&APatde ATUCHL i n ot her ways
ot her than by depositing Qr annealing the pole pieces In the presence of a
magnet i ¢ YMRAARNGSyr SR FIlUx FABtARYGS 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 thrbugh 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
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axis can be fornmed by the so-called "angle of incidence” nmethod in which
the ferromagnetic nmaterial 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 conbi ned sel ection of the nagnetostrictive properties of the
material, the stress fields induced in the material during deposition, and

the geonetry of the pole. Referring to Fig. 5, thin film nmagnetic
head 200 is constructed to reduce the contribution of conduction by wall
notion still further. Pole pieces 2020 204 each include a pair of segnents

that are disposed at oblique angles to the |ongitudinal axis 206 of head
200 and ttchatxisada 0disfof dhartt seasyoaxe3020830810andi 208 eall bengpendircul ar to

each segggﬁ;. ; ol n sLig r égggﬁgin Fig. 5 for
conveni ence; % %?ggghéﬁféﬁﬁgg %%gggggiggﬁgrg%%,@%éyghgmn In Fig. 5A.) As a
resul t, magnetidffeuxseriable peplediicUiky 3t e33p axes fabgicatedand is

5 g;s ggz&uctse&absa Byt atthen dehauahguietbBeorst 318, | €28 M2 pfopPs1 i eces
y .. I'S

Head 200 f abri cated _by f i 214 of l e 202
2 ces GO N s, Spnoe et hmr SoPnlY SESRiEdn O LoLs
di sposediatermn amilee lamiaaiedx layeelsy of5edehr sestion| p18)) t32 nat2axi s 206.
S t ' h i £1 L9 hat i
o ont e Sor 2 A, Fagefck BeLbERABGERTY alRORR: | fuolds b tonal 1o

| i ne 22)aePrthadnnadl &asYoRxeFe 324gnBRbs. rAFPeFtively 230E3sY fahed,

segnent & 0f A 1XO2 ) @asg9mi 318 ,0hnA0k8sP04xdse3sleppsi ted parall el

to each other. and al o a line 222 disposed at .an oplique angle to axis
parallel to aé%% 310, although %%ese orlentaggogs aregnot

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 because 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 bglow) coils
314, 316 are not laminated and do not include layers having
different easy axes orientations, and there thus is no risk

T



- 17 - 206 opposite to that between line 220 and axis 206. Segnents 212,
218 are deposited in the presence of a nmagnetic field that is perpendicul ar
to line 222 and in the plane of the segnents so that the easy axis 208 of
segnents 212, 218 is perpendicular to the |l engths of the segnents.

The magnetic flux path through pole pieces 202, 204 is conpl eted by
connecting segnents 212, 214 together through via 224, interconnecting
segnents 216, 218 through via 226, and_connecting segnents 214, 218

t oget her through via 228. Th0521|n oper ati on, nagnetlc flux F that

enters t piece 20 conduct ed h of
Segment | TPR SR Ealab Ve SRR ERcoF LERER ELROF pEAHE Par S TRt RERA ni <
208. The Hy wher dvigghn prpeessidgc tkapetatanesasyedxts fabsicate stidd0) as it
is transfgyingd to segnent 214 (and coupled through coil 230 for the first
time), and thus the §#lux is conducted by rotation through segnent 214 and
into segnent 218 R%Fe¥ﬁénqe¥%rEF§f|%)t?ﬁQnRﬂiQxﬂHEQE§O4 he 404uefr emai ns

per pendi i HidrCdRyndtas 2eBda 440 asel Er@&ﬁé@& &bﬁﬂus&w? 218, 216,
I eC rotall on

and thus conmpletes its conduction roug e

Near the AUDRTRIR G PRBSE 83503 - To0NaBRRELE) EAELEER ST LRSIy by
wal | not i in,mypar.aais eatentdiNoecdi, on 10886/, uxssaadudthens | nigaghapdl e piece is
not stric a t a 8 h ect of the
el 1 ot A SR P I 3n0°RLCREES, E80subierd Eebibhalcutal TP O )
of tips Aields in Lormftewdrm@gl Egﬁpﬁ'dﬂbgl'fug"*llchnélstésﬁlgne ,tentheay in
Whi ch 1 Uy £dietU Gld Oy rtaé AR tine ealaedeﬁaaa«iﬁdb{;aﬁeféﬁaﬂeetIon by wal |

noti on av0| e in th| il mhead o for oIe es 106, 108 from
two or q?d%i qﬁ?@rSQFhaﬁoﬁa édefPBFQnE%ggﬁFl ﬁcﬁaﬁﬁeixes of
magnet i zatnm.tﬁl'éfte cuse:mé reara imalteard olfaybies conraspbndlﬁgl 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
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
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head is the subject of U S. patent application serial nunber 07/227, 808,
filed August 3, 1988, by Mallary et al., entitled "Flux Spreading Thin Film
Magneti c Devices". The application is assigned to the sanme assignhee as this
application and is incorporated herein by reference. Fig. 6

il lustrates segnent 130 of pole 106 formed 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 lam nated in the sane manner. Layers
252 is formed in the presence of a maggietic fields the orientation of which
Is selected to grOV|de | ayer 252 with an easy axi s 110a di sposed

per pendi c6NBANES tRe FRAGREt PN RfmaAnettis M therefireNads P¥he magnetic
field i n wbtahibayerF@bdexsmpDé pesbis ;sinéésechczm, t408 Have easy a&b& 110b of

yer 25t ok 3eAPRAPELRSLA P AL LD et Al AP e bonkleRlly, oy

axis 110b~IS ori ar to easy axi anged
par al | el tbrpnthbhgthobésseg&eﬂauagoflww EﬂuﬁMnQb1néqyln§ﬂ tisuchange 110b

can al teraﬂ-é&ewn £i déspoﬁx‘?&’m%oﬁesﬁ%é@ﬂi@é‘%& pdiid prl%%%efafo4t)0a%asy axis
110a (for exanp degrees, or possibly 20 degrees or S) In

operat|onltnﬁéﬂﬁ§|EhFPﬁithﬁﬂ@cigontﬁ%ﬁ%&ﬁﬁ*%PtRVrQﬁ%ﬁ%WJHa@Haﬁoﬁ}°&onaln
wal | nnveqenturShafedvan@éaer way, conduction by domain wall notion

presents a hi gher, edanc .t he gonducti.on t han does conduction
by rotation. r% 5% IE{L'tﬁ’x(%‘l—l gﬁté & ?etéﬁént i?okéim mﬁg'ﬁ lcl? ¥nduct s
entirely I59Or aSacpoﬁtrnCtat?etOZBQO‘(b@%atwtﬁ’llsne intenactionsehditielear to

easy axis,ll@ak 3pd SHHScé}gi 966Wﬁdé“&&é&@f6§1&ﬂxd x eomddctlilon 114.
When the Flux enters ang reglon 118, 1t is endi cul ar to neither easy
axi s essentially enfirely by rotation. Yoke 01 includes a pair

of pole pieces 502, 504 (i.e., arms) each of which includes
a plurality of segments that are connected to each other to
be intertwined with coil 506. (Fig. 9 shows the segments is
schematic form; a more typical shape for one of the segments
is shown in Fig. 10.) Each segment is oriented at an
oblique angle (i.e., canted) to an axis 508 of head 500
(axis 508 is perpendicular to the faces of pole tips 503,
505) and has an easy axis that is transverse to the segment.
As a result, magnetic flux conducts by rotation through all
of the segments of poles 502, 504 and interacts four times
with coil 506 as the flux makes a round trip between pole
tips 503, 505. Coil 506 is shown with a single turn, but
obviously may include multiple windings. _

Pole piece 502 includes segments 502a-502d, and
segments 504a-5044 comprise pole piece 504. Segments 502a-
502d and 504a-5044 comprise a nickel-iron-cobalt (NiFeCo)
alloy. As with the magnetic heads discussed above, head 500
is manufactured in a plurality of planar layers or strata.
The lowermost layer (strata A) includes segments 502a and
502¢c from pole piece 502, as well as segments 504b and 5044
of pole piece 504. Segments 502a, 502c, 504D, énd 5044 are
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110a nor easy axis 110b and thus can not conduct purely by rotation in
‘either layer 252 or |ayer 254. However, because of the domain structure of
| ayers 252, 254, the flux can - 19 -
conduct by rotation perpendicular to the easy axis of each |layer (e.g.,

| ayer 252) for a short distance before the domain structure of the |ayer
requires the flux to conduct by wall notion. At this poi'nt, the flux is
abl e to conduct by rotation perpendicular to the easy axis of the adjacent
| ayer 254, and as a result, the flux-jasps to the adjacent |ayer so that it
can travel through the path of | east |npedance The flux continues to junp
back and ¢vientedtaken payirivesmgsiohldhgadredsewjth slsprgtedor egi on

118 until ai§sreaghes et eoh e Hf abd AR ddatad Jeireat.§d
perpendlcﬁla? to eas§ ax?s 1.%Fb m§)f:h|s 3%%8’ thg uxlcan 2onduct by

rotation in | ayeReSSx r&ﬁﬁyaléﬁdtphﬁéglt1Fenﬁﬁﬂ§ePFSI§9%? 2%%2%s it passes
through t be4bpranadsosaf (66TY i Sagriddk 502a 1s sﬂaﬁm‘)l Wt elr@ploaiuea bAe upper

| ayer as |t <SRRdue o] h sectlons e., the yer havi ng
per pendi cBl &F eg§3E3X%96 ndmeT % reaéh ﬂ&%ﬁ&anbF%n 124. At this

poi nt, thwaghekifufipeldcMvbed thet up@eapmlmed dweri dantiadldyedo speesa2s2, 254

as it seeksafapabPpbiiaoLalapnishcil U YobridhtsOkd! lifuckhe flux
resunmes conduction in u ayer en it reaches the region of
segnent 14 eash ?%gEngoééde%%Xa?¥é§ ¢% flux conduction 510 that is

transverse (in this embodiment, perpendicular) to the
segments. To prepare for the deposition of yoke segments
502a, 502c, 504b, and 504d, substrate 520 is attached to a
mount (not shown) so that axis 508 is oriented at the
desired angle of cant X (in this example, -15 degrees) with
respect to the orientation 524 along which segments 502a-
5024 will be formed. Then, segments 502a, 502c¢c, 504b, and
504d (and their associated seed layers, not shown) are
deposited in while magnetic field M 522 is applied. Note
that the direction of field M is perpendicular to the
elongated orientation 524 of segments 502a, 502c, 504b, and
5044d.

Next, one or more layers of photoresist (not shown)
are applied over segments 502a, 502c, 504b, 5044 and
annealed to form layers of electrical insulation over which
the windings (formed from copper) of coil 506 are plated in
strata B. An additional layer or layers of photoresist are
applied over coil 506 and annealed. The annealing process,
also called "hard baking" is discussed in more detail below.

Then, the remaining pole segments (i.e., segments
502b, 502d of pole piece 502 and segments 504a, 504c of pole
piece 504) are formed in the uppermost layer, strata C.
Segments 502b, 502d, 504a, and 504c are oriented at an
opposite oblique angle Y to axis 508 from segments 502a,
502c, 504b, 5044 (i.e., at an angle of -15 degrees). As

Tthhxﬂ&wB«mR
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| ongi tudi nal axis 112. The flux again conducts through the upper and | ower
-lam nated | ayers when it reaches angl ed 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 |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 forned in the presence of a magnetic field
ori ented perpendi cul ar - 20 - to

axis 310_50.4hal Segtipnse 304,306, A 2084l aue AN gasgogxi S 312

dlsposed perpendlc eng r,serially’coupl ed
coils 31&023a65%ﬁb,f%@ﬁd(ﬁmeﬁﬁ%HQ$kQQQﬂz§uﬂﬁtraﬁwe5ﬁ@n&$nrnga§edtuOns 318,

320, 322:Qf ﬁ&uﬁt?ﬁ&c&évf@@ tc?’%ﬁxﬁ: Qe aniRd sforao@tatﬁé' 5eQkckagl nat ed
| ayers. The |am pated | ayers of each section 318, 22 are fornmed in

the pres€AbE %’Pg%?t%oéb‘ha? I FranRis s difs degriessd Eﬂ’r;‘-l"'ﬁ‘o§i8ﬁ9lecé'ra§§> axes
324, 326théeepee<tti/edxyszz€aeslyora;<|»mﬁ% sa;mtal I5@I2atoseas:y axms: 312, and

easy axi LS. P I t t hou h S are not
necessar 30% lfl eaﬁ% xf“gbr |]§:)%1 no‘i % pdr?é‘ad‘oé‘oo%l t“c?%ﬁ%l gtl«? g m ng vi as
t o i nt er éisnappl iedeppopendicekanlkytmntsegrendisowd2b, 5024, Eﬁ4eperation

magneti ¢ sblux (£, 1t ehsrig] eedl @i g | dididendh sich 310 and thus

segment an easy axis 512 that is perpendicular to the
lengths of segments 502b, 502d, 504a, 504c.

Manufacturing pole pieces 502, 504 from NiFeCo
allows the track width of head 500 to be reduced with
respect to that achieve with other materials (such as
nickel-iron). This is explained in application Serial No.
07/345,719, filed May 1, 1989, which is incorporated by
reference herein. To avoid a loss of anisotropy (i.e., a
reduction in the easy axes angles with respect to head axis
508) over time (a phenomena called "magnetic aging”), the
segments of pole pieces 502, 504 should be annealed at a
high temperature in the presence of the directional magnetic
field. The hard baking of the insulating layers formed
above and below coil 508 serves also to anneal segments
502a, 502c, 504b, 504d. Hard baking is performed at between
225° and 265° Centigrade, preferably between 255° and 265°
Centigrade, and most preferably at 260° Centigrade.
Temperatures below 225° Centigrade may not be sufficient to
cause the insulating layers to harden sufficiently, while
exposing segments 502a, 502c, 504b, 504d to temperatures
above 265° Centigrade may degrade the magnetic properties of
the segments (due to a phenomenon called "recrystalization,"
in which the small crystals within the NiFeCo grow, inducing
an increase in the coercivity of the material). 'During hard
baking, magnetic field 522 is applied in the direction of
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conduction is perpendicular to easy axis 312 of segnents 304 and 308, and
-perpendi cul ar to easy axis 324 of segnent 320. Thus, the flux conducts by
rotation along the entire I ength of pole 302. As the flux returns

t hrough pole 304, it also conducts entirely by rotation. This is because

t he 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 lamnation to
find the conduction path of |east resistance (as di scussed above), and
because the direction of flux conductizgn-in segnent 306 is perpendicular to
easy axis 312. One advantage of the arrangenent of Fig. 7 over a
head i n vdashh satds |SyerE ar.e laamiusaidediresst kdthf eespeptotess sodepalare

needed tq% (# £¥%;ﬁ% Addi tional ly, because the pole sections disposed
under neat %EH\ t hu 0 ) coils 314, 316 are not | am nated and do not
i ncl ude | ayers ha8¢oRgnNEEf feREnt Seady 5043, 07 PemtaKe neaked titertde hus i s

no risk presence of a magnetlc field that 1s or1e%%ed allBag theyrelative
easy axes orientatjons could be disturb océssin

Do ot A 0 S et qtirany ratn Feshecl 38 PRCESERAY £o g
pol e pi ecaesizdlOn8 Y04 THe t&ux«pénalmmgnetwmdmeadgﬁaatsr sopbeveded, W t h

SO B0l P SN oo Yl e WIGRTHRE ghethac bosa’ bed 1
during hard baklng. In fact, the increased temperature and
the application of a magnetic field that is opposite to the
direction of the easy axes 510 of lower segments 502a, 502c,
504b, 504d causes the angle between easy axes 510 and head
axis 508 to be reduced. Thus, the temperature at which
segments 502b, 502d, S504a, 504c are annealed should be made
as low as possible (such as 200° Centigrade or even as low
as 150° Centigrade) while still performing its intended
purpose of avoiding time-induced loss of anisotropy. But
exposing segments 502b, 502d, 504a, 504c to 200° Centigrade
annealing causes a slight reduction in the angles of easy
axes 510 of lower segments 502a, 502c, 504b, 504d, for
example, to -11.5 degrees with respect to the normal to axis
508. This reduction can be compensated by forming lower
segments 502a, 502¢, 504b, 5044 to have an initially higher
angle of anisotropy (such as 19.5 degrees), so that the
degradation caused by annealing upper segments 502b, 502d,
504a, 504c causes the angle to be reduced to its desired
orientation of 15 degrees to the normal to axis 508.
Annealing at 150° Centigrade induces a smaller relaxation
(approximately 3.5°) in easy axes 512, and can be
compensated as discussed above.

Segments 502a-502d and 504a-504d are then
interconnected by vias 514 formed through holes in the

insulating layers to form a complete flux path between tips
503 and 505.
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entitled "Apparatus and Methods to Suppress Perpendicular Fields in
‘Longi‘tudi nal Recording”, which is assigned to the present assignee and

i ncorporated herein by reference. Each magnetic tail 406, 408 has a nuch

| arger surface area than that of the remai nder of the correspondi ng pole
402, 404. For exanple, 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 |ow inpedance | eakage path fromits
pole to the surrounding air, thereby’eﬂﬁnTnatlng the need to conplete the

fl th bet I 404 t th I h t th
[Lux pach betueen pgles, 408, 8¢ L EoMESLLAs I8 BoLeo9eLlsteal el
oper at i onporagartends| fixoR eimrm‘s pip 50D 24 raorsdntuytau)rhzg:adlmdi um ( not
shoun) andiLeadopdysbdssy 201npLRCPid ALOL Hlrindhl) o - oHee dilde des L hen

coupl ed 412 out g g I nto e surroun I'r via ta|I 406.
Tai | 408 gseg@entkalaa 4k %nﬁbghﬁ pife im Figx 104 €%t@ndshe surrounding air

and coupl etfaeaaleelafmyf kﬁesmtelﬁ, h@oﬁ@r%ﬂﬁﬂiéﬁaﬁ& Cqmﬂ vart kel | UX

pat h throu h he on ucts thrqugh e 404 passes
Phr ough CBARCHIBY PReiEByLEPENH iy THES chFETR c TAMICHIRRY dATHS ng_ bet veen
pol e pi ecangd@2(edg4,and? uhm.tblaxdsss:m&sedrwdnm@osme 51deP@Ife pi eces 402,

404 are CQQE&EHU 8823"deAh {ALISErpBRELLELLY L& AN Y3 £hT ! gﬂﬂe%%sc

descri bed a
greater distance, and is then bent at a shallow angle (such

as 5°) with respect to axis 508.

The resultant shape of segment 502a is such that a
straight line 509 drawn from the center of tip 503 to the
center of via 514 forms an angle with axis 508 that
approximately equals the desired cant angle of the segment
(e.g., 15°) and that passes entirely through center domains
20 (see Fig. 2A), rather than edge domains, of segment 502a.
Easy axis 510 of segment 502a (i.e., the orientation of the
magnetic dipoles in the center domains) is perpendicular to
line 509. As a result, magnetic flux flowing into tip 503
near the center thereof will conduct entirely by rotation
along line 509 through the center domains, back to via 514.
Said another way, line 509 represents a "line-of-sight" path
for the conduction of flux entirely by rotation from tip 503
to via 514 (and thus to the next segment -~ segment 502b --
in the flux path). Although a small amount of flux that
enters tip 503 near its edges will conduct by wall motion
from the edge domains (see Fig. 2A) to a center domain
before conducting by rotation along line 509, as discussed
below the overall effect of the wall motion conduction is
minimal.

Note that segment 502d, which contains the other
pole tip 505, is essentially the mirror image of segment
502a and thus provides a similar "line-of-sight" rotational
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enhance the conduction of magnetic flux therethrough by rotation. For
“exanpl e, 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., frompole piece 402 to pole piece 404)
as it flows through head 400, conduction by domain wall notion is further
avoi ded. Referring to Figs. 9 and 10, thin fil mnmagnetic head 500 is
constructed to provide four flux interactions between a yoke 501 and coi
506 while al so providing flux conduct?@n essentially entirely by rotation.

Yoke 501 cludes a alr plec each of which
i ncl udes CSFQ wfaﬁ&t éPeggénﬁE tééet%i%a%ﬂ?o?% to be
intertvwrunhanﬁs(ﬂEQméﬁﬂS502@FmgthgssbnasttEe4degnents i's schenatlc forn1 a

more typical shapg gggrggfo Qiné€ &&'§5€ﬂ¥¥ME4§%r§ Je.y )t g

segnent is orjented . €. td an
head 500 ¥%kiks spanductad ﬁ%Ynd'Oé'-@ItaPnt éownethacégnaf-h pof eswrpsngo@o%%) and

has an ea&Ye%&ﬁé‘%ﬁeﬁﬁeﬁdl@ﬁ%@* %@'ﬂe(ﬂttalﬁﬁoﬁeGﬂEQES Pex s 50l to tR@NEL C
fl ux cond ts b%/r;rg%tavéon throu h.all of th ﬁ ¥ . Of %%Iags 502, 504 and
|nteracts T Ty &ndustgons (@Rg FRex2 K%s Lsey t 1HP%et ween
pol e t|psof%éhgﬁiﬁifIﬁxIp&ﬂHSthraﬂngtnm tensesi dgheins)n, Plaxdbvi ously may
include RYi®nPia&C8 5 I gnent s

502a- 502 gésegnenfﬂggﬁﬁ% §3450t %lﬁfée gFGBQSgQQ Eggé egnent s 502a-
502d and m@@&mqw% rﬁh@<é|lnp<r é‘#méébél PGFRPF@%‘)H%\II@? ams with
the magneiisy heatds i M%ﬁbo%ndﬁ%%qo@%yl $obBRHbACEREInhEs dapl Ural ity

o LN (LS Sk ARy e vl st ever babiatgotl helydes

504d of pﬂb&pl%ﬁcB(ﬂOMS@t&ﬁ@cﬁﬂﬁ&t@Z@s 504k, daadusfdd abeve,
some Flux P conducts partially by wall motion is tips 503,
'505. The small angle (15°) between segments 502a, 502d and
tips 503, 505, respectively, minimizes the amount of
conduction by wall motion in tips 503, 505. Moreover, the
overall effect of the wall motion conduction is small. This
is due to both the short length of each tip 503, 505 (which
results in each tip presenting a relatively small impedance
to the flux, despite the partial conduction occurring by
wall motion) and the fact that near the pole tips the
conductance of the leakage path between poles 502, 504 is
relatively low (thereby presenting a relatively large
impedance to the flux).

During the round-trip conduction of flux through
poles 502, 504, flux F interacts with coil 506 four times,
due to the intertwined configuration of segments 502a-502d4,
504a-504d and coil 506. The first interaction occurs as
flux P passes from below coil 506 to above it as flux P
conducts through segments 502a, 502b. Then, flux F is
directed from above coil 506 to below it as the flux passes
through segments 502c and 504a, creating the secSnd flux

- interaction. This process continues, with the third
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- 23 - oriented at a positive angle of 15 degrees with respect to axis
"508. (O her angles may be enpl oyed, as desired.) Referring also to
Fig. 11, segnments 502a, 502c, 504b, and 504d (only segnment 502a is shown)
are deposited on a substrate 520 (such as a wafer) in the presence of a
magnetic field M522 that is applied horizontally to strata A and

perpendi cular to the I engths of the segnents to induce in each segnent an
easy axis of flux conduction 510 that is transverse (inthis enbodi nent,
perpendi cul ar) to the segnments. To pr@pare for the deposition of yoke
segnents 502a, 502c, 5Q04b, and 504d, substrate 520 is attached to a nount
(not shoWMEeZ3ction Relagspgdesbyr FBAt E4u%t CPRAUGELPR EhEakde of cant X (in

this exarﬁ&gg.entﬁzsga@r aed) south apapese toutbte @meﬂiggél OIhoﬁa'&AaZ ceﬂmbrg vvhlOI ch
segnent s ,502a- e ment s, 502a 4b, an
504d (anc’i’etlﬁlglr é‘ls?c?gl %P’egggegéoraygrgfuﬁo? 5%? ar g“beest C%O“giol n while
magnet i c amidel5@P2K.522si @ zephilsd. tNet elebbricak dlqn@llxnﬁuﬂedlxn(j M i's
per pendi r t [ ati,an of ¢S

Qysar dod (%ﬁh@n%taaqngs Shhatha §3é1 bt Pﬂﬂi@ot jenet ot ?not shown)

504b, and 504d. e . or nore a ers of
are appl iRa}esy E02e§9dnt(§uTdng WEASingsds, 159Hﬁa%ﬂ@ %hnealed to form

| ayers ofapgiresiinad@llyl as flaationn o@vebuwnbebrt heads ndd:xﬁ@@nﬁémdmﬁléﬁ om
copper) of coil 106 ar e plate

o Pbhot oo SR, B GrbergstroRodeanocahhartdinate Heker ng” "
process, tHasn thad |CEd1fﬂWIdﬂ1@hl rg" headdbSOupsedidas nasseenﬂ'eiéally el ow,
502 and Syl U R PR, . 4R ne e R Phe” upper most
layer, stheadh 280 Edghe®s 502b, 502d, 504a, and 504c are oriented at an
opposi te obliquerapgteiNgt €oaxig. 508, frﬁéljﬁ&ﬁﬂir&féaii 52%a,includes a

yoke 541 with a “criss-cross" construction the shape of

which resembles a "figure-eight." That is, the poles 542,

544 of yoke 541 have segments (shown schematically) that

define the "loops" of the figure-eight and that cross one

another along the axis 548 of head 540. The segments of

poles 542, 544 also are intertwined with the windings of

coils 546a and 546b. In addition, the segments of poles

542, 544 have easy axes of magnetization oriented

perpendicularly to their respective lengths so that magnetic

flux conducts essentially purely by rotation as the flux

passes through poles 542, 544 between tips 543, 545. Tips

543, 545 are in registration.

Pole 542 includes three segments 542a-542c.

Segments 542a and 542c are disposed in the lowermost layer

(strata A) of head 540, and are interconnected by vias 547

to segment 542b, which is disposed in the uppermost layer

(strata C) of the structure. Likewise, pole 544 includes

three interconnected segments 544a-544c. Segment 544b is

located in strata A, and the ends of segment 544b are

respectively connected by vias 549 to segments S44a and

544c, which are arranged in strata C. A via 549 also

This Sheet Has Been Replaced



502c, 504b, 504d (i.e., at an angle of -15 degrees). As

-- 24 - shown in Fig. 11 for segnent 502b, before segnents 502a, 502c,

504b, 504d are deposited, substrate 520 is rotated in the nounting device
to orient wafer axis 508 at the selected cant angle Y (in this exanple, +15
degrees) with respect to the direction 524 al ong which segnents 502a, 502c,
504b, 504d will extend. During deposition, magnetic field M522 is applied
per pendi cul arly to segnents 502b, 502d, 504a, 504c (i.e., normal to
direction 524) to induce in each segment-an easy axis 512 that is

perpendi cular to the | engths of segments 502b, 502d, 504a, 504c.

Manuf act ebnngcpsl seginents 502¢ &Hd 9440 M R zaécjmms dﬁl@cweadclvm dt h of

head 500 %ggggﬁaegg§§glﬁ%tgor€§§ $4§o gpgi aedU £ naterlals

(such as aihed Th applTca |on grralr

07/ 345, 7@92bﬁ|ﬁédbwaye1n°§933tevm¢mmﬁ¢tﬁ¢rﬂhﬂ¢ﬁw¢h¢¥iqxns&mxm%nce her ei n.
To avoi daactfag.of anisotropy (i.e., a reductlon in the easy axes angl es
with respect to head aX|s SQE) over tine % nonena call ed "nagnetic

agi ng"), the seghhtRayft ebP§c€§a§0§4 50% §ﬁ56PHlBé1§nﬁgﬁléﬂmﬁt a hi gh
tenperatu@edhacubeearasenee oLowée £qu§ntswﬁﬂzaamﬁmﬁc<:§44ﬁ<iréThe har d

bk 0 ofrilnele eahen 2600y 97 2R ALl ol ld 50 sgrves ol o0

bet ween 228 @re] fanuedobppdr andealed) ate, the airesenge fi vieen 255[err] and

265[err] girectional magnetic field to induce easy axes of
magnetization 550 therein. Easy axes 550 are oriented at
-15 degrees to a normal to head axis 548. After
interconnected coils 546a, 546b (and their associated hard-
bake insulation layers) are deposited, upper pole segments
542b, S44a, S44c are deposited at an angle of -15 degrees to
head axis 548. The deposition (and subsequent annealing) of
segments 542b, 544a, 544c takes place in the presence of a
directional magnetic field to yield easy axes of
magnetization 552 at +15 degrees with respect to the normal
to head axis 548. Note that easy axes 550, 552 are
perpendicular to the lengths of their respective pole
segments and are at angle of 30° to each other.

The operation of head 540 is similar to that of head

100 (Fig. 4) in that two flux interactions are provided with
each coil 546a, 546b by the intertwined segments and coil
windings. That is, flux F interacts with coil 546a as the
flux conducts away from tip 543 through segments 542a, 542b;
as the flux returns to tip 545, it again interacts with coil
546a as the flux passes through segments 544b and S544c.
Likewise, flux P interacts twice with coil 546b during a
round triﬁ through poles 542, 544 -- once as the flux
couples through segments 542b and 542c, and again as the
flux is directed through segments S44a and 544b.

ThBSMxﬂﬁsBum lmxd
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Y

Centigrade, and nost preferably at 260[err] Centigrade. Tenperatures bel ow
225[err] Centigrade may not be sufficient to cause the insulating |ayers to
harden sufficiently, while exposing segnents 502a, 502c, 504b, 504d to
tenperatures above 265[err] Centigrade may degrade the magnetic properties
of the segnents (due to a phenonenon called "recrystalization,” in which
the small crystals within the NiFeCo grow, inducing an increase in the
coercivity of the material). During hard baking, nmagnetic field 522 is

applied in the direction of - 30 - - 25 -
easy axes 510 (i.e., at 15 degrees with respect to a normal drawn to axis
508) . Segh¥hteommmed 30N EeMia, 10904 ¢ igr.e 4ann&hkedmbunt hef pr esence

of a_MgiFkix: cbnabdttbal bkswﬁileﬂéggoﬁl PAhEASYs MY s Yudded avel] 15
degr ees \%at respeﬁ{uto t normal to axis_508). The tenpera ure at whi ch

segnent s 802857502 50&3 BB4ECaFRe afABEPR dORERRE Moo faPHiggh as t hat
appl i ed d;@lgunngtlsalsdzbasmg ah@ 6a24-510€ aNer RSP AE W My t he

I f f hat tpo the direction of the
ooty aneith 01iReMBENS R LELAr 10801 ESRPeddict fon ah, SR gl o

bet ween @®9yeaxeFhatoignd lneadChxssgﬁeﬂtt 94 De-F42ncad  SHesS didhes
tenmper at he @hr@@tﬁﬁnsgﬁngmhﬁ éggéuc§93ﬁ 18 Worp M £ 43lged should be

made as | ow as pqQssi bl e (such 200 Centigra e or even as om/as 150
Cent i gr afP&) SRRILe 088 F’If E@?PSFHH@ PRSY | XFIRWO p B Phse AF avrEsdiltg
time-i ndfdec Posendlicasi bot FOPYtiBHl rather than by wall motion, in

poles 542, 544, even in the regions in which the pole
segments intersect.

It may be appreciated that segments and coils may be.
added to poles 542, 544 to form additional "figure-eight"
loops along axis 548 and provide still more flux
interactions. 1In addition, one or more of the loops and its
associated coil may be configured to provide more than two
flux interactions (such as by fashioning the loop and coil
as shown in Fig. 9) or a single flux interaction.

Fig. 13 schematically shows a monopole thin film
head 580 constructed according to the invention. The yoke
581 of head 580 includes a single pole 582, made from five
segments 582a-582e, and a magnetic "tail" 584. Segments
582a-582e and tail 584 are alternately disposed in layers
(i.e., strata C and A) above and below the layer (i.e.,
strata B) in which coil 506 lies. Segments 582a, 582c, and
582e are disposed in strata A and are oriented at an oblique
angle (such as +15 degrees) with respect to the axis 588 of
head 580. Segments 582b and 582d and magnetic tail 584 lie
in strata C and are arranged at an opposite oblique angle
(i.e., -15 degrees) to head axis 588. Segments 582a-582e
and magnetic tail 584 are successively interconngcted as
shown by vias 590 which pass through strata B.

Tthhxﬂ%wB
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exposi ng segnents 502b, 502d, 504a, 504c to 200[err] Centigrade annealing
"causés a slight reduction in the angles of easy axes 510 of |ower segnents
502a, 502c, 504b, 504d, for exanple, to -11.5 degrees with respect to the
normal to axis 508. This reduction can be conpensated by form ng | ower
segnents 502a, 502c, 504b, 504d to have an initially higher angle of

ani sotropy (such as 19.5 degrees), so that the degradation caused by
anneal i ng upper segnents 502b, 502d, 504a, 504c causes the angle to be
reduced to its desired orientation 0f3415 degrees to the normal to axis 508.
Anneal i ng at 150 Centigrade induces a snaller relaxation (approxi mtely
3.5[err]) in easheayroceks stegscinrbeancofpehsaingd headi s80ssee above.

Segnent s _& - h0 04a-504 r n . ec by vias 514
formed t ?gﬁgﬁﬁhlgge@ﬂ??\ét‘ﬁgsg?sﬁ%euc?a?eblén‘%e’l ayde soe%lgef or n(ntag{acorrpl ete flux path
bet ween 5up§quggtaaung@51ng) of lower segments 582a, 582c, and 582e2g -

Segment 502arks ;AN Waifle et 3 Leid Hid) aihctRATRY 1024, @4 ends from

narrow tip 503 to a soimewhat broader_ distal region 507 at which via 514 is
fornmed. SRBNSVEESSf (CeGnenPeTRRid T hiar) dit e engthsy cfiBheext ends

per pendi gggmeh¥st r othispihd@dcés sy fhed A madndt iveridrheaamjierity of its
| ength the_si f a atj vel ar | e.q ... 45/ errd ) _wth axis
508. Thesgﬁgggfe?egé?%é (s)égéég%r%%té/%}o aa(Jr(rafea‘r@rai1{31‘%gen(isa a(ptera%ienacﬂ%il[ﬁ éjrf] t ol\gti p 503 for
a sonewhdegyeest §p thet nareal abe head hnihHcrf8 at Af etk H¥F @nduch

its associated hard-bake insulation layers are formed, upper
segments 582b, 582d and magnetic tail 584 are deposited (and
annealed) in the presence of a magnetic field oriented in
the opposite direction with respect to head axis 588. This
induces easy axes of magnetization 594 at +15 degrees (to
the normal to axis 588) in segments 582b, 582d and magnetic
tail 584. The surface area of magnetic tail 584 is made
much larger than that of segments 582a-582e (such as at a
ratio of 5:1, or even 10:1) to cause tail 584 to present a
low impedance leakage path to the surrounding air. Tail 584
thus serves as a "magnetic ground" for pole 582.

Tail 584 may be constructed to promote flux
conduction by rotation in a direction transverse to the
length of tail 584 as well as along the length of tail 584
(an effect known as “flux spreading"). For example, tail
584 may be laminated as discussed above or as described in
copending application Serial No. 07/227,808, filed on August
3, 1988, which is incorporated herein by reference.

During operation, flux P conducts by rotation
through each segment 582a-582e and tail 584, because each
path presents an easy axis of magnetization that is
perpendicular to the direction of flux conduction. Aas
discussed, a small amount of flux conduction by wall motion
occurs in the area of pole tip 583 (but this is minimized by
constructing segment $82a in a manner similar to that shown
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as 5[rr]) with respect to axis 508. The resul tant shape of segnent
'502a is such that a straight |Iine 509 drawn fromthe center of tip 503 to
the center of via 514 forns an angle with axis 508 that approxinately
equal s the desired cant angle of the segnment (e.g., 15[err]) and that
passes entirely through center domains 20 (see Fig. 2A), rather than edge
domai ns, of segnent 502a. Easy-axis 510 of segnent 502a (i.e., the
orientation of the magnetic dipoles in the center domains) is perpendicul ar
to line 509. As a result, nmagnetic f1®2 f1owing into tip 503 near the

center thereof will conduct entirely by rotation along line 509 through the
center dohRihtd- pEekt? PRAGGs A %W‘%ﬂ?&h%/af°tlaitﬂ@“§é9fié‘ﬁr esents a

“1i ne- of -cogdet pam hpdtth bdreweranduigt i5@3 aind vba &%to)r.el Theyer aagt i on from
tip 503 t | 4 ext nt_.- - g . 502b -- in the
flux pat h??gé\la?%cjﬁg @%@%%ﬁ“éa%o%%% or]%&ﬂuu%ﬁqﬁ‘atbyerﬁaéﬁs q\t%iql':?)'o 03 near its

edges wi | throwglictabl R4/ due itth fhwmsireastdgy dondiadd G8de Fig. 2A) to a

center doghkpa el OnEwEPEEUCEd L AW JrP iR} Xt A1 130 Jrida® 1309, as di scussed
bel ow t he overalf effect of the wall_notion conduction i's m ni nal

Not e t hat PE&EARRP2EES RN EP o Medho8%re other pole tip 505, is

essentially the mdleossgizragd ehitegeenhreSAteatdihbdsaptovallesfa sim | ar
27 -

f:Lgecgadﬁéggéntég%%t%ggﬁéﬁﬁé%i??%ﬂﬁ?%ﬁﬁfqﬂu?aﬂ¥§Q%ﬂ?t @ﬁsebonnects segnent
502d wi t hiptgraatisggdbetween flux F and coil as flux conducts from

tip 583 to tail 584. The first interaction occurs as flux F

travels from below coil 586 to above it via segments 582a

and 582b. Segments 582c and 582d provide the second

interaction by directing the flux from above coil 586 to

below it. The third and final interaction occurs when flux

is directed from below coil 586 to above it via segment 582e

and tail 584.

Still other embodiments are within the scope of the
claims. For example, the pole segments and easy axes may be
oriented at angles other than 15 degrees, according to the
pole configuration desired for a given application.
Ferromagnetic materials other than NiFeCo, for example,
nickel-iron alloys, may be used. Other temperatures may be
employed during hard baking and annealing, and other
annealing techniques (such as laser annealing) may be used.
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In operation, magnetic flux F that enters, e.g., tip 503 is conducted by
‘rotation down the length of segment 502a due to the peﬁpeﬂd%ﬁHF&F_—““”“
orientation of easy axis 510 to the direction of fl uxpgodhekdfihs Bakh ﬁgl,dt he

above-di scussed "line- of-sight" flux path through the
Flux F continues to conduct by rotation as it passes t &ﬂlm gaﬁm 502b
because the flux renmai ns perpendicular to an easy axis

Conduction by rotation continues as qux F sequentially conducts through
segnents 502c, 504a, 504b, 504c, 504d,33and 502d to tip 505. As di scussed
above, sone Flux F conducts partlall h Il nmotion is tips 503, 505. The

smal | angle (15[err]) between segne a, 502d and tips 503, 505,
respectively, nlﬁlnl£e§hﬂﬁefaﬁﬁuﬁegaﬁtéﬁnﬁﬁéﬂﬁéﬁcﬁy fiprmedoti o i n tips

503, 505.pMpr£DIey ofhgayg@gegﬂdeggﬁgglgjn he wal |l notion conduction is
smal | . ThIS i s due t. h the ihort Iengt of each tip 503, 505 (which
results in each ?|§°%F i AGCIUAEFarFVERFSENBNE RFPRAWRERIto the fl ux,

despite tbegmemtsatespadﬂt&elynIyanriﬂmpdpanﬁﬁé g®ild Qayeasd ahlde fact t hat
near the ?8{1&&1:8&'%15??1?%2%%%561& hleaye%ak%g}% pat h between pol es 502,

504 is re Ive reby presen I ng‘arelatively large inpedance to
the flux) a cpirli hgviihg ASuAeasti pneohdunt #Abd beingux through pol es

502, 504, L hEuXedi hod o% 86k Ss i d fs% Qe | £ 206 dPile trdPRS tHAYE th® e Ntertw ned
conflguratlon of segnents 502a-502d, 504a-504d and coil 506. The first

i nteract i GRATBERGFECAE FRexekel¥eeRs from bel ow coil 506 to above it as fl ux
F conducts through segnents 502a 502b. Then, flux F is directed from above

coil 506 Lo bel oy I g e[l adssge R gUgh, AERPR! £, 60%0RR% 2040

creating the second fIUX imteraction ocess conttn th
third constructed and arranged to conduct flux predomlnantly by

rotation rather than by wall motion.

3. The transducer of claim 1 wherein said segments
are connected by a via that passes through said transition
layer.

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

5. The transducer of claim 1 wherein said yoke
further comprises a second arm having segments respectively
lying in separate said layers and connected through said
transition layer, said second arm being connected to said
one arm to form a flux path with a storage medium.

6. The transducer of claim 5 wherein a segment of

said second arm is connected to a segment of said one arm
through said transition layer.

e



- 28 - interaction being nmade by the flux conduction through segments 504b
and 504c, and the fourth and final interaction being induced by the flow of
flux F through segnments 504d and 502d. As This BlesstHat Beeh Replbdct ri cal si gnal

i nduced in coil 506 (during reading) and t X generated in

pol es 502, 504 (during witing) is increas Emtely a factor of
four over heads constructed with only a single ux action (per coi

wi ndi ng). Note that the configuration of head 500 provides essentially a
doubl i ng of the nunber of flux intéfactions over that of head 200 (Fig. 5).
Referring to Fig. , netic head 540 includes a yake 541 with a
"criss-cross” Féon%%%u%ﬁlgsngééﬁ%r S gpcelsaoqll v%iwéherreé‘é'b%l yé’l)lc‘efi gure-eight."
That ickesHd &lrgle sadd ermyokpsStichadetecfornta fiuwvpathhematical | y)
t hat dgfime tg&fgg@mgai%,.t he figure-eight and that cross one anot her

al ong the axis 548 of head 540. The segnents of poles 542, 544 also are
intertwined with the wi ndings of coils 546a and 546b. In addition, the

segment s of psl esThd2tridddileae eyl aeS afhdrgieidadd iaghm Ori ent ed

per pend] y. ta their respective . l.engths sq.that netic flux conducts
essen{11 ﬁ{aﬁq{/@eguraelt;‘/lpo)?%rrc?tngte'l%o%‘aag t ﬂéngﬁﬁapaggﬁgeFﬁrg%g‘?\ BbPERI®42, 544
bet weerediym B13,a 3AGich gon543ucs4e8 tipecanseefilegxr dhi said arm to Pol e 542
i ncl udgs gggfg%égxypyﬁ5§5162g1§4g?. §g§n§gg§o§42a and 542c are disposed in
the | owernost |ayer (strata A) o ﬁea 40, and are interconnected by vias
547 to segnent 542b, which is disposed in the uppernost |ayer (strata C) of

the structureg.Li kRei SLanP@hCedAdf id0d ifles JHyreg n Haalc@yiact ed segnment s

544a- 544c¢.  Segnent, .544b .is | ocated in strata A and the ends of segnent
544b alﬁqecclfuedgapsgcl?ulqvtellp & SR8 ed by vias 549 to segnents 544a and 544c,

which are arranged in strata C. A via 549 al so
10. The transducer of claim 1 wherein said yoke

comprises an alloy of nickel-iron-cobalt.

11. A thin film magnetic transducer comprising

a yoke including at least one arm having at least
one easy axis of magnetization, and

a coil intertwined with said yoke to provide more
than two flux interactions therebetween,

said arm having a plurality of elongated segments
oriented obliquely to each other and having easy axes of
magnetization respectively transverse to the directions of
flux conduction through said segments, said segments being
joined together so that flux can pass therebetween without
flowing parallel to the easy axes of said segments.

12. The transducer of claim 11 wherein said
transducer is formed in a plurality of thin film layers, and
said oblique segments lie in separate said layers, said
segments being joined together through a transition layer

¢’

disposed between said layers.
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- 29 - connects segnents 542c-and-544a-in the region of yoke 541 di sposed
opposite to tips 543, 545. Naggg _segnents 542b, 544b are not
iﬁferconnectedpmhere t hey cros:sﬁg&&l'a laced The manufacture of head
540 is essentially the sane ag Hve. Lower segnents 542a, 542c,
544b are oriented obliquely ( ; degrees) to head axis 548 and
are fornmed (and anneal ed) in the presence of a directional nmagnetic field
to i nduce easy axes of -magnetization 550 therein. Easy axes 550 are
oriented at -15 degrees to a nornat 3® -head axis 548. After interconnected
coi |l s 546a, 546b (and their associated hard- bake insulation |ayers) are
deposi t ed, uppés -polthresdgmnmdances2ief 5434m 324whereinepaifitedilt ian angl e
of -15 degpesadtatheadsexis pdst THessePostindnt (A SEsequent anneal i ng)
of segnments 542b, 544a, 544c takes place in the presence of a directional
magnetic field to yield easy axes of nagnetization 552 at +15 degrees with
respect to theJMOrmmhd(tﬁansmumeksoa4&1amntelthaére?ﬁytnéeéaéﬁo, g52 are
er pendigul.ag ¢t e nggh ' S ' se nts and are at
gl o of X307 of faFHchErdE 'Bath LeGhint ST RRR BRI 30 " &

si mi | ar dE5eERaPNoplargawhdoh (Frid s9gment lgenenwl ¥y extiendsr.acti ons are
provided with each coil 546a, 546b by the intertw ned segnents and coi

i [ ) is, flux Finteracts with coil 546a as the
Wi ndings. That 15. The transducer of claim 11 whereln said yoke

&

further includes a second arm having at least one easy axis
of magnetization, said second arm having elongated segments
oriented obliquely to each other and easy axes of
magnetization respectively transverse to the directions of
flux conduction through said segments, said segments of said
second arm being joined together so that flux can pass
therebetween without flowing parallel to the easy axis of
said segments, and a segment of said second arm being
connected to a segment of said one arm so that flux can pass
therebetween without flowing parallel to the easy axis of
said segments.

16. The transducer of claim 15 wherein said
transducer is formed in a plurality of thin film layers, and
said oblique segments of said second arm lie in separate
said layers, said segments being joined together through an
intermediate portion extending between said layers.

17. The transducer of claim 15 wherein said
transducer is formed in a plurality of thin film layers with
said oblique segments of said second arm lying in separate
said layers and being connected together through a
transition layer, said coil lying at least in part in said
transition layer.

iy



f.lux conducts away fromtip 543 through segnents 542a, 542b; as the flux
returns to tip 545, it again_interacts with coil 546a as the flux passes
t hrough segnments 544b and 544c. Likewise, flux F interacts twice with coi

546b duri ngh ough pol es 542, 544 -- once as the flux coupl es
t hrough seg 42c, and again as the flux is directed through
segnhents 544 . . - 30 -

But conpared with head 100 (Fig. 4), the anount of flux conduction by wall
motion in head 540 is reduced evenifgurther. This is due to the canted
orientation of pole segnents 542a-542c and 544a-544c and easy axes 550, 552
and the "lineist-srpht tFahaduesal of | &Xa LRANCKIGIAOFe RRtdhdieidyssed above.

That is,:d seqnent,. 542a- 542c and 544a-544c, the direction of flux
conducs)flognq?fga%ehrhpencﬁ &f & ado SRS REatRS 358F°F§sﬁ’é?}t +¥e easy axes
550, SExpemdiculesuite o |dixdetdemd ediongbwhichaskdd, seghbat t han by wal |

Mot i ONyeddr PO e bnaS44, even in the regions in which the pole segments
i nt ersect. It may be appreciated that segnents and coils may be

added to poles 542, 544 to formadditional "figure-eight” |oops along axis

548 and provi de.strhe fmaﬂsg{zuér:afeéﬁ&ixhom];wﬁéké%kﬂitéaﬁ% _Oge or m)[ﬁ gf
the loops and its, associajed coil may .be can ure o_provide npre a
hansd FRiREn g thi

AN et Y DL RS R Phgthh8 FA4P AAUSESI ViR shown in

two flUX M
Fig. BYal cbkiqug esddnentistef astdhowne 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 axes of magnetization
perpendicular to said first direction, and the 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.

20. The transducer of claim 15 wherein said
segments are intertwined with said coil to provide four flux
interactions between said coil and said yoke.

21. The transducer of claim 11 wherein said yoke
comprises a single said arm.

22. The transducer of claim 21 wherein said yoke
and said coil are intertwined to provide three flux
interactions therebetween.

23. The transducer of claim 21 wherein said arm
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
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Fig. 13 schematically shows a nonopole thin filmhead 580 constructed
according to the invention. The yoke 581 of head 580 inetudes—a single pole
582, nmade fromfive segnents 582a-582e, and a magneti c "phiisheet HuSBeenBeplaedit S
582a-582e and tail 584 are alternately disposed in |ayers C
and A) above and below the |ayer (i.e., strata B) in whi cﬂwuﬂlu S.
Segnents 582a, 582c, and 582e are disposed in strata A an _ nted at
an oblique angle (such as +15 degrees) with respect to the axis 588 of-y
head 580. Segnents 582b and 582d and 3Vagnetic tail 584 lie in strata C and

are arranged at an opposite oblique angle (i.e., -15 degrees) to head axis
588. SegiehtEC 982k et E vy ik ara [tosgegioassadiesentety said

i nt er conteghsdu@sr shown by vias 590 which pass through strata B.

- 31 - The process steps for manufacturing head 580 are simlar to

t hose di scussed above. Deposition (and subsequent annealing) of |ower
segnents 582a, 382c, Aapttob82e Gorufsbi hcat imgnetticisi £1Th thegdtaet i on of
Whi ch i S4BV EESCik € TorulEl |yl t he.lLen f the segnents.
Thi s i nduces easy axes _(g)% umal ni‘e)f{%{]?aftciligﬁ;%gz%ntr? ?é‘ga%eﬁ‘%?i%@?a “’553&‘,g and
582e ar rBRGERS A RBHER Y A -t nfegcemprisinge nornal to head axis 588.

Upper Seguents. SEzb. Sasaiand FRanetLc (el G4 Ak Gepoaried e
upper Ssegnent s net.ic tai are deposited (an
anneal ed7 7R TR ]f:ﬁ%%%%%’ev%fy aﬂ}5l et SRRt o SR fk é&g’ﬁ‘ﬁ s, an

connecting a plurality of said segments through a
transition layer to intertwine said yoke with said coil and
provide more than two flux interactions therebetween.

25. The process of claim 24 further comprising
constructing and arranging said yoke to conduct flux
predominantly by rotation rather than by wall motion.

26. The process of claim 24 wherein said coil lies
at least in part in said transition layer. -

27. The process of claim 24 further comprising
forming a second arm of said yoke, said second arm having
segments respectively lying in separate said layers,

connecting said segments of said second arm through
said transition layer, and

connecting said second arm to said one arm to form a
flux path with a storage medium.

28. The process of claim 27 further comprising
connecting a segment of said second arm to a segment of said
one arm through said transition layer.
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the opposite direction with respect te—-head-axis—588.—This induces easy
axes of magnetization 594 at +15 degrees (to the normal to axis 588) in
segnents 582b, 582d and magnetic tail 5 i3 Sh f ced ea of nmgnetic
tail 584 is nmade nuch larger than that of H : hﬂ -582e (such as at a
ratio of 5:1, or even 10:1) to cause tail t a | ow i npedance

| eakage path to the surrounding air. Tail 584 thus serves as a "magnetic
ground" for pole 582. Tail 584 may be constructed to pronote fl ux
conduction by rotation in a directi3® <transverse to the length of tail 584
as well as along the length of tail 584 (an effect known as "flux

spreadi ng"). ROr eThepbrocess| c§32laa) de Vasrebm e3rid YPKRussed above or
as desghébedles Na COPGYTE Ngh AP hE AdritroRided tho £ 32¢18R8pathl ed on
August 3, 1988, which is_ incorporated herein by reference. Duri ng
operatVbﬁ? F1 3% Y by rotation through each segment 582a-582e and
tail 584, because each path presents an easy axis of nagnetization that is
per pendi cul ar _to t directiqn oQf n Lon. di scussed, a snal
anount of fluquon ugtﬁgn%ﬁfgwgglC%%#ﬁoggogg%%é9€ns % %?%a of pole tip 583
(but t hheludesi ai bipecarbyngehste ke idipprapde mdiz®RRt ¥0a an&¥OERISI il ar to

that SREWRwm and further comprising the step of provi®dng saldFagm 10 to
provide a "line-of-sight” rotational flux conductiqgn path be%yeen tip 583

and vi ¥ithoR reEérR FEYSEYYGEeR O ccAYSE f WhodMt SR TULE &F by wal

Mot i ONradiated from said arm by said region.

31. A process for fabricating a thin film magnetic
transducer that includes a coil, comprising

forming a yoke that includes at least one arm having
a plurality of elongated segments,

arranging said elongated segments obliquely to each
other and providing each said segment with an easy axis of
magnetization oriented transverse to the direction of flux
conduction through said segment, and

joining said segments together to intertwine said
yoke with said coil to provide more than two flux
interactions therebetween, and to cause flux to pass between
said interconnected segments without flowing parallel to the
easy axis of said segments.

32. The process of claim 31 further comprising

forming said transducer in a plurality of thin film
layers so that said oblique segments lie in separate said
layers, and '

joining said segments together through an
intermediate portion extending between said layers.

33. The process of claim 31 further comprising

mn
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through tail 584, due to flux spreading in tail 584. Overall, however,
conduction by rotation greatty” ‘predom nat es t hroughout head 580

Pol e 582 and tail 584 are jaisqted Mishech Rephesdal of three times with coil 586,
t hereby providing three int en flux F and coil as flux
conducts fromtip 583 to ta“‘ﬂ‘&ﬂ‘ﬂﬂ“@“‘fst interaction occurs as flux F
travel s from bel ow coil 586. I't via segnents 582a and 582b.
Segnents 582c and 582d provide the second interaction by directing the fl ux
from above coil 586 to belowit.-Th® +hird and final interaction occurs
when flux is directed frombelow coil 586 to above it via segnent 582e and
tail 584. formirgy jsdidbttiransdunal ngnts pduradiitli oft bincspemof the

cl ai maykes @XaAPLAidt BB1RgLE SBgRBALS ﬁ?ﬂn?aﬁﬂ SeSraBy NeiPriented at
ang Ie other t hgn 15 degrees, according he pol e configuration desired
for V@Eﬁ aBBglcatron Ferromagnetic materials other than M FeCo, for
exarrpl e, nickpbinimn $didysegment DedigatherOtheoughnaetatnsésiony be

epl o¥sdefur 094 ardabaking. audaa0eat hngar@nh g4 RNAELLfih { echni ques

(such™as Tdseéer anneal

- 33 -laglemi.N5 1. A thin filmnmagnetic transducer (500) forned in a
plurality of layers (A B, C) and conprising a yoke (501) that
i ncl udes at | east one arm (502, 504) havin | east three segnents
(502a- d, 504a-#}: STRRREPGESS aln 31, Wﬁ¥h§ﬁb§F€P§1§éP§ layers (A O

gnd caﬂgeﬁkﬁﬁgtFFQu@Psq h&aQSbtlaachayaé 6B) sabAcheghents d segnegts belng
t
h;ifﬁéﬁgﬁ%gbéf%lé& e 0”9d§re%Q§' uggegglgég§§)§9§a 8%%@éﬁé ransaucer an

axics Of “magheti zat orien transverse to a
direcﬁ;anenNIHMtﬁxhamﬁﬁuctlon t hrough said segnent and at

35. The process of claim 31 further comprising

forming a second arm of said yoke, said second arm
having a plurality of elongated segments,

arranging said elongated segments obliquely to each
other and providing each said segment with an easy axis of
magnetization that is transverse to the direction of flux
conduction through said segment,

joining said segments of said second arm together so
that flux can pass therebetween without flowing parallel to
the easy axis of said segments, and

connecting a segment of said second arm to a segment
of said one arm so that flux can pass therebetween without
flowing parallel to the easy axis of said segments.

36. The process of claim 35 further comprising

forming said transducer in a plurality of thin film
layers so that said oblique segments of said second arm lie
in separaﬁe said layers, and

joining said segments of said second arm together
through an intermediate portion extending between éaid
layers.
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an oblique angle to said |ongitudinal axis, and a coil (506) having
at least one turn, said yoke and said coil being intertwined to provide
nDre than tmo flux |nteract|ons bet ween said yoke and said at |east one
plaeed of claim 1l wherein each one of said segnents
(502a- d) 50 sed at an oblique angle with respect to said
Iongltudlnal nd has said easy axis (510,512) oriented
ar

general ly perpendlcu sai d segnent. 3. The transducer of claim1l
wherein said segnents are connect by a via (514) that passes through said
transition |ayer (B). 4. The transducer of claiml1l wherein said coi
(506) lies at least in part in said transition |ayer (B). 5. The

transducer oﬁ7GIaﬂhﬂlpwbeaeSnosatdaymkésffmttmmrommmpti&ingisecond arm
(304) having coeqTRg! Saia04RaAkalesPoEh! ¥ ohyutal Iy |dp SapE FAgeal L avers

(A O _and connpecte hr ou sard transiti ayer second arm
bei ng %b%ﬁ%cY%EPt%ﬁ%%JQP%#R?%U%ﬁQW?ﬁQﬁWﬂﬁaSﬁP@xS§§PﬁdeFﬁ dying
- 34 in §é§mg§mhrgauawnayeﬁg andhe transducer of claim5 wherein a segnent

(504d) of said _sec arm.i.s _conne ted to a.segnen 502d) of said one arm
t hr ough saidcipgﬁ§%ﬁp nsFégeFegg?ngs said s cond ér ziggether

through a transition layer, said coil lying at least in part
in said transition layer.

38. The process of claim 35 further comprising
orienting the easy axis of each one of said segments of said
second arm perpendicular to a direction along which said
segment generally extends.

39. The process of claim 35 further comprising

forming said transducer in a plurality of thin film
layers with said oblique segments of each one of said arms
lying in separate said layers so that the segments that are
disposed in a first one of said layers extend generally in a
first direction and have easy axes of magnetization
perpendicular to said first direction, and the segments that
are disposed in a second one of said layers extend generally
in a second direction oblique to the first direction and

have easy axes of magnetization perpendicular to said second
direction.

40. The process of claim 35 further comprising
intertwining said segments with said coil to provide four

flux interactions between said coil and said yoke.

41. The process of claim 31 wherein said yoke
comprises a single said arm, and further comprisind
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7. The transducer of claim5 wherein each one of said segrrents (504a- d)
of said second armis disposed generalIy—aLeHg~sakd—Feﬁgrfud|naI axis (508)

and has an easy axis of magnetization (51 ;ctﬁ;slBgQ,t lgansverse to a
direction of flux conduction through sald s n oblique angle
Wi th respect to said | ongitudinal axis, lmmﬂﬂ d arm (504)
conducts flux predom nantly by rotation rat not i on. 8.

The transducer of claim7 wherein each one of said segnents (504a- d) of
said second armis disposed at an bt i'que angle with respect to said

I It 510, 512). oriented generall
pgpg;ng{?{ég Wﬁ%ﬂg‘% d§ n‘gm Hes 5‘818, easlyd ?)r(a S Scé’rro(%éﬁ) HSF €€l ai 21 1 Y
wher ei filesi dnyékéctmm%de%twe@n r@ﬁled s%mdl @nd (583 yokestructed to forma

flux path with a storage medi um The transducer of claim9 wherein
said arm (582) includes a tip 583é arranged to be disposed adjacent to a
st orage nedi uh?and &er§5PGﬁ5€58§) 8RBt Al cERBtRer cEERRE$FIAG in said armto

\%ﬁ radcahedgﬁfom;saaddaambuo Sted e raﬁ@b&l‘tlon bk reiraetltvléalyséuaqn of claiml
erei I’l S

coil_(5 cl ude |t rns, |d yoke and said coil
bei ng £H g??wl ?i’éﬁat%gﬁ%tb?/rgdtéo ?eé?tJ ??pcﬁoa alf)?’"lth & 505%85598& ween said
yoke (B6d)jumnandathanstenf fbak dbetwegrn said arm and said medium,
35

anaZ EE?E;LEﬁaQEd%C?élQEl\?éﬂ M e yhehiifh 3Riadauok® CaQLk conprises an
aIon ni ¢ L ron-co
1ux in said arm to be radiated from said arm to regions

adjacent to said transducer.

43. A process for forming a yoke of a magnetic
transducer and inducing an easy axis of magnetization in
said yoke by applying a magnetic field thereto, comprising
the steps of

providing a substrate on which said yoke will be
formed, said substrate being disposed generally along an
axis,

positioning said substrate to provide an oblique
angle between said axis and a first direction,

forming a segment of said yoke that extends along
said first direction on said substrate while said substrate
is positioned at said angle to arrange said segment at said
angle with respect to.said axis, and

applying said magnetic field with said substrate
positioned at said angle to induce said easy axis of
magnetization in said segment.

44. The process of claim 43 wherein said segment is
formed by depositing ferromagnetic material on said
substrate.
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T3 The thin fil mmagnetic transducer of claim| wherein said segnments
(502a-d, 504a-d) of said armare oriented obliquely to eachother—and-have-—
easy axes of magnetization (510,512) respectively transveTiHESheé HadBeen Replaced
directions of flux conduction therethrough, said segnents i

together to direct flux through said coil, and the easy axmlm;,l!,ﬂlmml"
magneti zation of at least two of said segnents that are joine

being oriented in different directions. 14. The transducer of claim 13
wherein said transducer is formed4m2a-plurality of thin filmlayers

(A B,C, and said oblique segnents (502a,502b) lie in separate said | ayers
(A O, said sedPent Theepungcpsenell tdgémhét farvheh conpmising on | ayer (B)
di spose ' : 8 ; i m14 wherein
o 0 corTPLBE S ER B R e P s R T o Tayer (B).
16. The transducer of claim 13 wherein said yoke (501) further includes a
second arm ( 504) .hatheg pgbckeasbfoBeagnsy3agustRér Negmet igiidg on (510, 512),

sai d secQn rm having_ el o ted ment s (504a-d)..oriented, obliquely to
each ot %BP gﬁﬁ‘a@e%%é argae n%?ggrragheeﬁg’eﬁ i%nseglees%eec H}é‘lef%tq‘lp n§§8 sé%to the

di rect i bnansvefseaxteopalidt frst tixegtiswid segnents, said segnents of said
second arm bei ng joi ned together and a segnent (504a,504d) of said second
arm being connected to a segnent (502c¢,502d) of said one armto _direct flux
t hrough said cd?- Theyrpropess: pinsdaddr 46f VRereiN 182 ifeFelifcked d
transduagtetc8ibfr iBdpeApéndl ¢li Bdr tho Gfaidi Middd mimarisn(A B, O, and said
obl i que segnents (504a-d) - 36-

48. The process of claim 43 further comprising

selecting said direction of said magnetic field and
said angle to dispose said easy axis at a predetermined
orientation with respect to the extent of said segment.

49. The process of claim 48 further comprising
annealing said segment after said easy axis is
induced, said annealing possibly causing said orientation of

said easy axis to change, and
controlling said annealing to minimize said change
in said orientation.

50. The process of claim 49 wherein said annealing
includes heating said segment at a nominal temperature, and
wherein said controlling includes using a temperature below
said nominal temperature for said heating.

51. The process of claim 48 further comprising
annealing said segment after said easy axis is
induced, said annealing possibly causing said orientation of

said easy axis to change, and

L



-of~-said second armlie in separate said |layers (A C, said segnents being
j oi ned together through an internedi ate pofrtioen-{Br—extendi-ng- bet ween sai d
| ayers. 18. The transducer of claim 16 marsaéemﬁmmﬁmducer is forned

ina plurality of thin filmlayers (A B, O | ue segnents
(504a-d) of said second armlying in separat (A, C and being
connected together through a transition | ayer ) i1 (506) |ying at

| east in part in said transition |ayer. 19. The transducer of claim 16
wherein the easy axis (510,512) of 4ach one of said segnents (504a-d) of
said second armis perpendicular to a direction along which said segnent
general |y ext &fdectingpsaidhdirpghiancef spid| mrgnabiqntield and d

transdggdd anglortdkompengdtl addrt Ysafd tdHdhdd il Isajers (A, B,C) with said
obl i que_se negts (502a- d, 504a-d) of each one of said arns lying in

separa?ﬁlﬁgf% t%ers,  the segments (502a, 502c, 504b, 504d) that are di sposed
in a first one-of said |ayers (A extending generally in a first direction

T ection’ and2rne theo prBRAURLbEoE1gTn B3 UnRELBR LR Y Babdhe® I n
second“emer b¥es of errefagret iy madeamnihhg apchdfwther CoRpPFd&dng directi on

obl i qugnh@aiggfsa6d fléFeehdPme Bl Mpvd Mith 10 a8t X &% i i Zgtion (512)
perpengggﬁéﬁé to said second direction. 21. The transducer of claim16

wher ei nts (502a-d, 504a-d) are intertwined with said coil to provide
four flux interactions between said at | east one turn of said coil and said

yoke. 22 The trasQyeRlst58Y o3hih! 8bMArLERT ghRaSEhAeyPlsg COnPrises a
includes heating said segment in a range of 150° Centigrade
to 300° Centigrade.

54. The process of claim 52 wherein said annealing
includes heating said segment in a range of 225° Centigrade
to 265° Centigrade.

55. The process of claim 52 wherein said annealing
includes heating said segment at 260° Centigrade.

56. The process of claim 52 further comprising

forming a coil for said yoke and supported by said
substrate and separating said coil from at least a portion
of said yoke segment with a first material, and

heating said first material to cause said first
material to serve as an electrical insulator between said
coil and said yoke segment, said heating also serving to
perform at least a portion of said annealing.

57. The process of claim 43 further comprising
positioning said substrate to provide a second
oblique angle between said axis and said first diréction,

N



37 - single said arm (582). _ 23. The transducer of claim 22 wherein
sald yoke and said coil (586) 3ed O provi de three fl ux
i nteractions between said yoke ast - one turn of said coil
24. The transducer of claiml M Easy‘ axes of magnetization
(510,512) of at |east one of s& oriented at an oblique angle
relative to the easy axis of another one of said segnents. 25. The thin
filmmagnetic transducer of claim1l wherein said segnents (502a-d) of said
armare oriented obliquely to each auher and have easy axes of
magneti zation (510,512) respectively transverse to the directions of flux
conducti on t heferhinaga, sebendasggments of saich e oflarj dadegnent s bei ng
per pendi fulaia it i St N 2483 euleeh A3 Se90°0L dERSER! Ly extends,
sai d segnents being joined together to direct Hroug Sald coil . 26.
The thi %ﬁﬁ’rﬂr}?é’gﬁgu%?lidr Sesonceanglectyi arranger seadsaedmentn ahcl udes a
porti orsdiBPedting %r@tlle\/eh‘yths&’%lslpte&ltr ft@cgafglaegxgg?pgﬁg to 3e (r:hmsgﬁzegal |
adj acent to a st e nmedium and transfe ux between said a
ITEJdI um and a pBPiYgﬂg(g% ‘? PRERehiS HIWeISPIhrgbsiFatace area to
cause fpasdtiivresl dtarsaitdo seeonddianiyae ftbOIihaat:d safiit easgoaRis aflj acent to
sai d trNsdUC8Iation in said second segment.

58. The process of claim 57 further comprising

forming said second segment so that at least a
portion thereof intersects a portion of the first-formed
segment, and

joining said segments together where they intersect.

59. The process of claim 57 wherein said transducer
is formed in a plurality of thin film layers on said
substrate, further comprising

forming the first-formed segment and said second
segments in separate said layers that are separated by a
transition layer, and

joining said segments together through said
transition layer.

60. The process of claim 57 further comprising
annealing each one of said segments.

61. The process of claim 60 wherein said annealing
of said second segment possibly induces a change in
orientation of said easy axis of the first-formed segment,
and further comprising

controlling said annealing of said second segment to
minimize said change in said easy axis orientation of the
first-formed segment.
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62. The process of claim 61 wherein the first-
formed segment is annealed by heating at a first
temperature,,6 said controlling includes using a second
temperature below said first temperature to anneal said
second segment.

63. The process of claim 62 wherein said first
temperature is 260° Centigrade and said second temperature
is 200° Centigrade.

64. The process of claim 60 wherein said annealing
of said second segment possibly induces a change in
orientation of said easy axis of the first-formed segment,
and further comprising

selecting a direction of said magnetic field and
said oblique angle for the first-mentioned segment to
compensate for said change in said easy axis orientation.

65. The process of claim 57 further comprising
annealing said segment after said easy axis is
induced, said annealing possibly causing said orientation of

said easy axis to change, and

selecting a direction of said magnetic field and
said first direction to compensate for said change in said
easy axis orientation.

66. The process of claim 57 further comprising

forming a plurality of the first-formed segments
with said substrate oriented at said oblique angle,

forming a plurality of said second segments with
said substrate oriented at said second oblique angle, and

selectively interconnecting said segments to form
said yoke.
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