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for storing magnetical | y-encoded information on a 25 magneti ¢ nedia (disc)
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15 BACKGROUND OF THE INVENTION
Perpendicular recording potentially can support much higher linear
density than longitudinal recording due to lower demagnetizing fields in recorded
bits, which diminish with linear density increase. To provide decent writeability,
double layer media are used. The double layer perpendicular media consist of a
20 high coercivity, thin storage layer with perpendicular to-plane anisotropy and a soft
magnetic keeper (underlayer) having in-plane anisotropy and relatively high
permeability.
A magnetic head for perpendicular recording generally consists of two
portions, a writer portion for storing magnetically-encoded information on a
25  magnetic media (disc) and areader portion for retrieving that magnetically-encoded
information from the media. The reader portion typically consists of a bottom
shield, a top shield, and a sensor, often composed of a magnetoresistive (MR)
material, positioned between the bottom and top shields. Magnetic flux from the
surface of the disc (media) causes rotation of the magnetization vector of a sensing

30 layer of the MR sensor, which in turn causes a change in electrical resistivity of the



21 NOVEMBER 2006 2 MR sensor. The change in resistivity of the MR sensor can
be detected by passing a current through the MR sensor and neasuring a

vol tage across the MR sensor. External circuitry then conve?}“éovF%BeERg%ofitage
information into an appropriate format and mani pul ates that information as
necessary to recover the data that was encoded 5 on the disc. The witer
portion of the magnetic head for perper}di cular recording typically consists
of a main pole and a return pole which“are nmagnetically separated from each
other at an aijy _bearing surface (ABS). of the witer by a nonmagnetic gap
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coi | . However,layde. Thé ABSOk EhedSuRRALE 65thaWedInslid R emmYdidiely aiaksht to the
perpendicular medium. The writer portion and the reader portion are often arranged
in a merged configuration in which a shared pole serves as both the top or bottom
15 shield of the reader portion and the return pole of the writer portion.

To write data to the magnetic medium, an electrical current is caused to
flow through the conductive coil, thereby inducing a magnetic field across the write
gap between the main and return poles. By reversing the polarity of the current
through the coil, the polarity of the data written to the magnetic media is also

20  reversed. Dataon double layer perpendicular media are recorded by a trailing edge
ofthe main pole. Accordingly, it is the main pole that defines the track width of the
written data. More specifically, the track width is defined by the width of the main
pole at the ABS.

The main and return poles are made of a soft magnetic material. Both of

25  them generate magnetic field in the media during recording when the write current
is applied to the coil. However, the main pole produces much stronger write field

than the return pole by having a much smaller sectional area the ABS and being

made of magnetic material with higher magnetic moment. A magnetic moment of



than the return pole by having a nuch snaller sectional area the ABS and
being nade of magnetic material w th higher nmagnetic nonent. A nagnetic
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axis parallel to the ABS when the nmain pole is in a quiescent state, nanely
Wi thout a wite current field fromthe wite coil. Wen the nagnetic nonent
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saturation, even though these materials have poor anisotropy and relatively high
coercivity.

15 A factor bearing upon the magnetic stability of the main pole and the
return of its magnetic moment to an orientation parallel to the ABS is its uniaxial
anisotropy. Uniaxial anisotropy is a measure of an amount of applied magnetic
field required to rotate the magnetic moment of the main pole from the orientation
parallel to the ABS to an orientation perpendicular to the ABS. If the uniaxial

20 anisotropy is too low and the coercivity is high enough, the magnetic moment in the
main pole may not always return to a position parallel to the ABS after a write
current is removed. Thus, the erasure of recorded data on perpendicular media is
likely.

Strength of the write field in the media is proportional to the magnetic

25  moment of the main pole material. It is desirable to use a material with a high
magnetic moment saturation (or high flux density saturation) for construction of the
main pole in heads for ultra high track density recording. Accordingly, when the

magnetic moment saturation of the main pole material is increased, a track width



25 nonent of the main pole material. It is desirable to use a material with a
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construction of the nmain pole in heads for ultra high track B '?E)F;ZOOG
recordi ng. Accordingly, when the nmagnetic nonent saturation of the main pole
material is increased, a track width 21 NOVEMBER 2006 4 of the main pole tip
can be reduced for increasing the storége capability of the disc drive. An
exanple of a material with a hi gh rragne ic nonent is an alloy of iron and
cobalt (FeCo). uct a | arge amount of flux and thereby
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Such a stable writer will reduce switching time, increase a drive’s data rate, and
prevent unintentional erasing on perpendicular media after the write current is

15 turned off.

BRIEF SUMMARY OF THE INVENTION

The present invention is a perpendicular writer having an air-bearing

surface, a main pole with a main pole extension, and return pole, and a back gap

20  closure intermediate the main pole extension and the return pole. The main pole
extension is in direct contact with the main pole and recessed from the air-bearing
surface to prevent erasure of recorded data on adjacent tracks. The main pole
includes a top magnetic layer, a soft magnetic underlayer and a nonmagnetic spacer

placed in-between. 'The top magnetic layer forms a trailing edge of the main pole

25 at the ABS and has a magnetic moment greater than that of the soft magnetic
underlayer. The soft magnetic underlayer is in direct contact with the main pole
extension made of magnetic material with low coercivity, high anisotropy, and high

permeability. Further, the top magnetic layer and soft magnetic underlayer are



pl aced in-between. ' The top magnetic layer forns a trailing edge of the main
pole 25 at the ABS and has a magnetic nonent greater than that of the soft
magneti ¢ underlayer. The soft nagnetic underlayer is in di r EANCVEEHEAEE with
the main pole extension nmade of magnetic material with |ow coercivity, high
ani sotropy, and high perneability. Further, the top magnetic |ayer and soft
magneti ¢ underl ayer are 21 NOVEMBER 20 5 antiferromagnetically coupl ed

t hrough the thin nonmagneti c spacer. THe nonmagnetic spacer has

predom nantly 1 reduction of cgercivity
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perspective view of a disc drive. FIG 2 1s a cross-sectional view of a first
enbodi ment of raductparqiepeitivity and graimi sizsralafg witlenpnesea bf amisarpy ofthe i) FI G 3
is a cross-sectiongllviemgg{.? second enbodi nent of the perpendicular witer
of the present "PAVENPCh™¥ @ 4 is a cross-sectional view of a third

enbodi ment 50f the perpendicular witer of the present invention. 15 DETAILED
DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS FIG 1 shows a top perspective view
of a disc drive 12, whi ch BRIEFUHSCRIPTNONCG@F ddil DRAWINGYCM 13, actuator arm
14, suspension 16, ngﬁ%@? 18, slider .20,. head, nounting block 22, and disc

or nedia 24. Slider | SDOWS AR PEPLHVE KEVhIg disc diied of suspensi on 16 by

flexure 18. Suspensi 6,1 N . 1ead nountin
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bl ock 22. Actuator arm 14 is couple ht side

of FIG 1, diseritofitte peseod mivgitioni ty of tracks 26 and rotates about axis
28. . : :
10 FIG. 3 1s a cross-sectional view of a second embodiment of the
perpendicular writer of the present invention.
FIG. 4 is a cross-sectional view of a third embodiment of the perpendicular

writer of the present invention.

15 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
FIG. 1 shows a top perspective view of a disc drive 12, which includes a
voice coil motor (VCM) 13, actuator arm 14, suspension 16, flexure 18, slider 20,
head mounting block 22, and disc or media 24. Slider 20 is connected to the distal
end of suspension 16 by flexure 18. Suspension 16 is connected to actuator arm 14
20 at head mounting block 22. Actuator arm 14 is coupled to VCM 13. As shown on
the right side of FIG. 1, disc 24 has a multiplicity of tracks 26 and rotates about axis
28.
During operation of disc drive 12, rotation of disc 24 generates air
movement which is encountered by slider 20. This air movement acts to keep slider
25 20 aloft a small distance above the surface of disc 24, allowing slider 20 to fly
above the surface of disc 24. VCM 13 is selectively operated to move actuator arm
14 around axis 30, thereby moving suspension 16 and positioning the transducing

head (not shown) carried by slider 20 over tracks 26 of disc 24. Proper positioning



During operation of disc drive 12, rotation of disc 24 generates air

novenment which is encountered by sllder 20. This air novenent acts to keep
slider 25 20 aloft a snmall distance above the surface of d|§1M§ﬁMm§FW@mnng
slider 20 to fly above the surface of disc 24. VCM 13 is sel ectively operated
to nove actuator arm 14 around axis 30, thereby noving suspension 16 and
positioning the transducing head (not ,shown) carried by slider 20 over
tracks 26 of disc 24. Proper p03|t|on|ﬁg 21 NENENBER 2006 6 of the

t ransduci ng heaﬁ ne essalfy f.or readl . data on concentric
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magnetic nmedium 24, a tinme-varying wite
Magnetization transitions on medium 24 are recorded by trailing edge 49 of main

pole 38. To provide decent write field strength in medium 24, magnetic layer 50,

15 shown here as the top layer, of main pole 38 containing trailing edge 49 is made of
ahigh magnetic moment material. Main pole 38 has a submicron width at the ABS,
to provide recording of ultra-narrow tracks on medium 24. Moreover, the proposed
structure of main pole 38 increases the uniaxial anisotropy of top magnetic layer 50,
thereby rendering it more magnetically stable.

20 To write data to perpendicular magnetic medium 24, a time-varying write
current is caused to flow through coil 44, which in turn produces a time-varying
magnetic field through main pole 38 and return pole 40. Medium 24 is then passed
by the ABS of writer 36 at a predetermined distance such that medium 24 is
exposed to the magnetic field. With perpendicular writer 36, the soft magnetic

25  keeper 34 of magnetic medium 24 in essence acts as a third pole of the writer.

A closed magnetic path for flux from writer 36 to medium 24 travels from
main pole 38 through storage layer 32 of medium 24 to soft magnetic keeper 34 and
returns to writer 36 through return pole 40, again passing through storage layer 32.



current is caused to flow through coil 44, which in turn produces a
time-varying nmagnetic field through main pole 38 and return Pole 40. Medi um
24 is then passed by the ABS of witer 36 at a predeterninearﬁWEW%ﬁ@@GSUCh
that medium 24 is exposed to the nmagnetic field. Wth perpendicular witer
36, the soft magnetic 25 keeper 34 of magnetic nmedium 24 in essence acts as a
third pole of the witer. A closed nagnetic path for flux fromwiter 36 to
medi um 24 travels from nain pole 38 tﬂrough storage |l ayer 32 of medium 24 to
soft magnetic keeper 34 and returns to witer 36 through return pol e 40,
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oromster nefrgbfigPeE Rl h A et Snd R PR ARaRes At man o 2P
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made of hi gh magnet Meinpsiedd preferatdy basiaahyltildyerstvohwegnbs pefapy éornledyer 52;
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magnet i ¢ momendBS direction, thereby enhancing the magnetic stability of main pole 38 while
retaining the high writeability and high data rate advantages of the high magnetic
15 moment material use. When top magnetic layer 50 is coupled with soft magnetic
underlayer 54 across nonmagnetic layer 52 according to the present invention, the
properties of the coupled multilayer system improve the perforfnance of'main pole
38 compared with a main pole made of a single layer of high magnetic moment
material. While the layers of writer 36 are illustrated as planar layers, it is
20 contemplated that they may follow other contours. Additionally, the illustrations
are not rendered to scale.
Any suitable material with a high magnetic moment may be used for top
magnetic layer 50. In a preferred embodiment, an Fe-Co alloy with Co content in
the range of about 30 to about 50 percent is used. This alloy possesses a saturation
25 moment of about 2.4 Tesla. Top magnetic layer 50 can be of any suitable thickness
for use in writer 36; it is preferably about 0.05 to about 1 micrometer thick, and

more preferably about 0.1 to about 0.5 micrometer thick.



material. Wiile the layers of witer 36 are illustrated as planar |ayers, it
is 20 contenplated that they may foll ow other contours. Additionally, the
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aer 15 20, SRy by Sy RN R IBELAEL S TR S Sl |
under | ayer 54 gameRfeRithaPoutI dsRDMBrd it RIdBOEISssIHin AbduPl. §frefialdmbgss than
about 0.2 microneter thick and nore
preferably less than about 1.0 Tesla. It is noted that while the material of magnetic
underlayer 54 has a lower magnetic moment relative to that of top magnetic layer
15 50, the material of magnetic underlayer 54 may still be what is considered a high
magnetic moment material in absolute terms. Magnetic underlayer 54 can be of any
suitable thickness but is preferably less than about 0.2 micrometer thick and more
preferably less than about 0.05 micrometer thick.
Nonmagnetic spacer 52 may be composed of any nonmagnetic material
20 whichismechanically and chemically compatible with the magnetic materials used
for top magnetic layer 50 and magnetic underlayer 54. Copper (Cu) or Ruthenium
(Ru) are used for nonmagnetic spacer 52 in a preferred embodiment in which top
magnetic layer 50 is made of FeCo and magnetic underlayer 54 is made of Nig,Fe,,.
The use of nonmagnetic spacer 52 between top magnetic layer 50 and magnetic
25 underlayer 54 results in formation of an antiferromagnetic (AFM) exchange

coupling between top magnetic layer 50 and magnetic underlayer 54. This coupling

induces anisotropy in top magnetic layer 50 oriented parallel to the ABS, resulting



preferably | ess than about 0.05 mcroneter thick. Nonmagnetic spacer 52 may
be conposed of any nonnmagnetic material 20 which is nechanically and

chem cally conpatible with the magnetic nmaterials used for 1210'\bovﬁJﬂBgEﬁ§?ol60

| ayer 50 and nagnetic underl ayer 54. Copper (Cu) or Ruthenium (Ru) are used
for nonmagnetic spacer 52 in a preferred enbodinment in which top magnetic

| ayer 50 is nade of FeCo and magnetic g;nderl ayer 54 is made of N 80Fe20 The
use of nonmagnetic spacer 52 between tadp magnetic |ayer 50 and magnetic 25
underl ayer 54 results in formation of an antiferromagneti c (AFM exchange

coupl i ng bet wel? 1IGF RaGHHECHY ftahle fomain shyctsgdidep magneiioripysy 80, 8l asPhi s

coupling i ndugesianh,st i grggp{gt' r. 50 oriented parallel to
the ABS, resulti ng’%%} ﬁ&@ﬁ%@ﬁ%@% I n dar%%%cﬁpeé%ﬁ%glﬁgfl?%ca IﬁeEEYSt abl e domai n
structure of top nagoedriingl aytee RIOKYaBdidasnd-KitesKlabuyady 8844 isleadtignmai n pol e

38 due to a reduction. in magnetic energy. According to the RKKY
( Ruder man- Ki t t BYIPENGUGSPASS Yandyuass @ pareadiospuphng hetygen fop neagaetis lagar Snduces a

periodi c cqupl] e tig layer:. 50 .5 and .magneti nder | ayer
e e cotnl | RO R bR TROCT | Fhq BXEIRC alignBE oG ety
ferromagneti c agifarérifgietio andferiohRghdticek BEaRtioh oNABMRBARES &f noBRAERL22 and
depends upon the crystallographic orientation of the material of  nonmagnetic

spacer 52. |n %2pfeleppddenanddaporie aysttlasmphimonenttition of)the Bateriatacte

of Fe60Co40 an B ayer made of ..Ni 8DF it is. preferable that
10 the materi g? oé éﬁ %)frllgs %tg“ lﬂgzis pac ?e% e(ﬂ%{gg%dnfﬂt-Vgﬁég‘?pa’fnlag'?'émg?}’eérﬁo_ati on.

Sui tabl e  nonnmagdesf e, O, Qi @ gneicinddayet 94 nRISSPNE Fel 0P RrefefapidiRgl UM

gol d, copper-silver alloys, and various oxides, inc udi ng "al um num oxi de and

si i con dilBxi dée maperifl of meamaggivesgacst S8 haarddil sirgstalliee omagaionhi Sititapleovi de f or
antiferromagney | : upl 4 bet ween t he | acent net | ayers, such
as copper, rutléldenr?]lll alﬁ?r‘])é&"t‘l}ggtgﬁﬁlg?ncguﬁf&pfgf)e&ﬁg’l\ffesf?pyg? r"ggéf%%’. goll‘g%%épeé'éﬂ‘t’%rrpl at ed
t hat nonmagnetilbysphed ivatisudloxidel,halch@lings bRinhih® 8%ide iRl k®sn BYxiBe chosen

to correspond with other choices in .
Preferred nonmagnetic materials are those which provide for antiferromagnetic

‘ exchange coupling between the adjacent magnet layers, such as copper, ruthenium,

15 gold, and copper-silver alloys. It is contemplated that nonmagnetic materials of

other crystalline orientations may be chosen to correspond with other choices in
magnetic materials for top magnetic layer 50 and magnetic underlayer 54.

In a preferred embodiment, the thickness of nonmagnetic spacer 52 is

chosen to maximize the antiferromagnetic quality of the coupling between top

20 magnetic layer 50 and magnetic underlayer 54. If the thickness corresponding to

the first antiferromagnetic peak results in a nonmagnetic spacer which is too thin

to be practical, then the thickness of nonmagnetic spacer 52 corresponding to the

next antiferromagnetic peak can be used, and so on. In one embodiment, Cu or Ru

spacer 52 has a thickness of about 5 to about 200 Angstroms (A), more preferably

25 a thickness of about 6 to about 30 A, and most preferably a thickness of about 18

to about 25 A.
In the present invention, nonmagnetic spacer 52 serves not only to

antiferromagnetically couple top magnetic layer 50 and magnetic underlayer 54, but



magnetic materials for top magnetic |ayer 50 and magnetic underlayer 54. In a
preferred enbodi nent, the thickness of nonmagnetic spacer 52 _is chosen to
maxi m ze the antiferronmagnetic quality of the coupling betmeéH“WB%ERﬁwe
magnetic | ayer 50 and nmagnetic underlayer 54. If the thickness correspondi ng
to the first antiferromagnetic peak results in a nonmagnetic spacer which is
too thin to be practical, then the thickness of nonmagnetic spacer 52
corresponding to the next antiferronab%etic peak can be used, and so on. In
one enbodinment, Cu or Ru_ spacer 52 has a thickness of about 5 to about 200
Angstroms (A), aadrie mreapbeadlyl spites tap upigrie dayenfS0abeds ob Godeabloyt B A, and
nost preferably a thickness of about 18 to about 25 A. In the present

i nventi on, non%ﬁ&ﬁ%??@ﬂéﬁg%%re eEgFVégn%%ﬁkﬁﬂg§éP8gSﬁﬁ%??%ﬁ@%ﬁﬁ@ﬂﬁFicaIIy
coupl e top MagRgéd I dnA¥RhMABNAHRGpHRE L thdn gt B MBhe Rfurdstiton maidfeVBER 2006
10 al so to nmagnetically soften top magnetic |ayer 50 nade of Fe-alloy. The

quant um i nt er ayéroRsrepdtingmredured grapmsizeatlearepsed enepsivisyg invgeased frasodoppf t op

magneti c ayer 50 apd nonmagnet.j.c spacer 52 change the crystalline texture
of top nagheti%ndsgﬁes?gefn?@?e?“gﬁaqlhyng in reduced grain size, decreased

coercivity, increasgdyapitffé iaR¥ial maydeGsed R trldin PRESkd il A Wik is ANY
suitable material nmay be used for main pole extension 48, which is used in
one enbodi nent used i oy enbeliwehi to immeage officincy ef wE8r 3asswelllasashacbtrce t he

ani sotropy and structural an netic inteqgrit f multilayer in pole 38.
Ext ensi on 48 i ?IW@PEra&%I ch‘ggﬁg‘é(g n?argBﬁt_fCt H’ge%% Ogyrmém&ﬂyg’f gﬁé‘_épgﬁ? about 0.2
to 10 about 2 m@ﬁggifrﬁggfp&@@ramtrf@e&eﬁrﬁxﬁ@hé&B@Oﬁsa BR{anCOBE SR HS {0 an

increased track widt main pole 38 at the ABS.” A narrow track w dth of
mai n pol e188 atbouh2migBBetrs onkhaf extersiai#Stdoas kotdensibute to en arcedasegl taatt pr event s

?Eevngggl g]E eg ﬁ’lﬁgﬁé\f”\% %}ah)g]?cgft gg{a?ﬁltesABé.nAorll’]a%o?NnRg&i vqﬁi?ﬁ of Iqlg{-n po g |3§ a?%(hteenSi on 48
ABS allows for high track density recording and prevents skew-related side writing
effects.

In one embodiment, main pole extension 48 is made of a magnetic material

15 such as CoNiFe, FeCoN, CoNiFeN, FeAlIN, FeTaN, FeN, NiFe (e.g. NigFe,,,
Ni,sFes;s, etc.), NiFeCr, NiFeN, CoZr, CoZrNb, CoZrTa, FeAlSi, or other suitable
materials. The chosen material preferably has well defined magnetic anisotropy,
meaning that it has well defined easy and hard magnetic axes. The material is
preferably magnetically soft, with a preferred coercivity less than about 5 QOersted

20  and more preferably less than about 1 Oersted. Extension 48 preferably has a
relative magnetic permeability more than about 500, and more preferably more than

about 1000. In such an embodiment, main pole extension 48 also serves as an
extension of magnetic underlayer 54 due to strong ferromagnetic coupling betweeﬁ

them, thereby contributing to the antiferromagnetic coupling with top magnetic

25 layer 50. However, because extension 48 is preferably shorter than magnetic
underlayer 54, it is not exposed at the ABS and thus reduces skew-related effects

on medium 24. Thus, extension 48 can be as thick as necessary to effectively

contribute to the magnetic stability of top magnetic layer 50 and magnetic



15 such as CoNi Fe, FeCoN, CoN FeN, FeAlN, FeTaN, FeN, N Fe (e.g. Ni 80Fe20

Ni 45Fe55, etc.), N FeCr, N FeN, CoZr, CoZrNb, CoZrTa, FeAl Sl2 or

suitable materials. The chosen materi al preferably has well d\éq‘VF'\ﬁBeEﬁz%gnetl c
ani sotropy, neaning that it has well defined easy and hard nagnetic axes.
The material is preferably magnetically soft, with a preferred coercivity

| ess than about 5 QCersted 20 and nore greferably | ess than about 1 CQersted.
Ext ensi on 48 preferably has a relativ 1magneti c perneability nmore than about
500, and nore pref erablyrmre than about 1000. In such an enbodi nent, nain
pol e ext ensi onuuigrlays §4s dhickgegof giin pele exishgon 48 lmgﬁeqbdbclnmggd ﬁityter 54 due

to strong fer r?r%%%]?ttd 0%92’1%1#89%3%%[ \ﬁ?aﬂre{erre%nknbpger e %%{}Jélgm Ing to the

ant|i ferromagne I'C couplin ecause

ext ensi on 48 isf me%ﬁmeahwnﬂmrﬁlagnetuhamdeﬁ%etsuc Intuhdﬁfén@éf@l’enéédmie&n' s not
exposed at the ABS and thus reduces skewrelated effects on medi um’24. Thus,

ext ensi on 48 cafteseonsd isieidktechs necessary to effecti vel y contrl bute to the

inder ayer 54, Th o EBLERRIS srftE] makoF e B PE N u iR 7 Thoa range
from about O.grefereaPBodZmitC bAEESRS Slosid 2 R &nsii&s srhadinsn et%Xte”S'O”

48 is made of the sane material as magnetic underlayer 54. In a ternate
enbodi nent , emtl@ngli sonh 48CpNikwnNif e iNig Be,AMNI, ey, NIBEEr, ﬁfa@nd%eNCFaMSé;rdral may be
used for backd&gg Losur e 42. In a preferred enbodi nent, back gap cl osure 42
is constructe spitgdlpmatetilieti ¢ nmterial such as CoNi Fe, \ Fe Ni 80Fe20,

Ni 45Fe55, N FeCr, Gog.,3FRNy &HBN-Reiio®ll viekNef as'éééo‘ﬁﬁl @mﬂ@(ﬁﬁl 7 ’th]'éI G 3is
a cross-sectional view of a second embodi ment of the 10 perpen(?l cular witer

64 of thelPr espampendrmpdaswrier 64G;fnb%1p1@ebnt owehigone obarehto thd embddanet oft he
crbodi Tent of By Rl RuhET-ERIS haPy RBRTLL el ke Bt TBoager s oo
and embodiment, top magnetic layer 50 is composed of two magnetic sublayers 66 and
68, spaced from each other by nonmagnetic layer 70. Magnetic sublayers 66 and
68 are made of FeCo, magnetic underlayer 54 is made of NiFe or CoNiFe, and
15 nonmagnetic spacer 52 and nonmagnetic layer 70 are composed of Cu. Other
suitable materials may also be used, as described with reference to FIG. 2 above.
Magnetic sublayer 66 may be composed of the same material as sublayer 68, or they
may be composed of different materials. Similarly, nonmagnetic spacer 52 may be
composed of the same material as nonmagnetic layer 70, or they may be composed
20  of different materials.

As in the embodiment illustrated in FIG. 2, top magnetic multilayer 50 is
antiferromagnetically coupled with magnetic underlayer 54 through nonmagnetic
spacer 52. Moreover, magnetic sublayers 66 and 68 are antiferromagnetically
coupled to each other through nonmagnetic layer 70. Thus, the magnetization of

25 each ferromagnetic layer is antiparallel with respect to an adjacent ferromagnetic
layer, resulting in a more magnetically stable domain configuration due to a

reduction in magnetic energy. It is contemplated that additional magnetic layers



68, spaced from each other by nonmagnetic |ayer 70. Magnetic sublayers 66 and
68 are nmade of FeCo, magnetic underlayer 54 is made of N Fe or CoNi Fe, and 15
nonmagneti ¢ spacer 52 and nonmagnetic |ayer 70 are conposed SEN VBB
suitable materials may al so be used, as described with reference to FIG 2
above. Magnetic sublayer 66 maybe conposed of the same material as subl ayer
68, or they naybe conposed of differeﬂ% materials. Simlarly, nonmagnetic
spacer 52 maybe conposed of the sane terial as nonmagnetic |ayer 70, or

t hey maybe conposed = 20 of different materials. As in the enbodi nent

i |lustrated i rilferatebwith gpnpagicse ilayermay payesd tgdome lanzinated sonr wagnphiet i cal | y
coupled with &l ¢ underlayer 54 through nonmagnetic spacer 52. Moreover,
magneti c subl ayers 66 and 68 are antiferromagnetically coupled to each other

t hrough nonmagnet i CFIGayéy a otOss-stbtisnal viey dTaghied édBddiRRnIf tRdp@FGilicular
ferromagnetic layer is antiparallel mﬁth.resgeqt to an adj acent ferronagnetic
| ayer, resultivgter A2 af hsmeessaignsention Iy this embedimsnairetunardlé 4 campaisesdue to a

reduction ¢n | C. oLt ont enpl at ed -t hat. addi ti onal ghetic

| ayers 21 %Evgﬁgﬁﬁé%%ﬁggﬁ%g%ng'Pﬁngﬁﬂ%PF Cﬁ%ﬁﬁ&éﬁ%??%nﬁgv%?@ﬁW%gﬁbe used to
form I am nat edvkep nTROALIt€ger legalrtoSst grohter tithni 5. Faeh ASeBE U4yRP3L ¥i ew of a

third enbodi mrent of the perpendicular witer 72 of the presernt invention. h

thi s enbodi merftifereamaenecslly qa@updeshyie i epeb adjaceny nmrpmnted ileydray4ertbronghand (n- 1)

nonmagnetic | rs 78.1n ennatkng .rel ati.onshi wher e i S an integer

equal to or g%}éoa i %ﬁalﬁye?%Eééﬁm %}g?f’@%ﬁa ésrcogﬁg‘ilréuo ﬂr‘i"‘fserFtr“Hhﬁ fietically
coupl ed to eacy @djaeeaMighAGNeAH kity Whilbr&HshingnaRsaRARAT & r 76. As
with nainyfole 38, this %onngJFg?égﬁﬁziioms EeturlrflgpoﬁgE 40}iod%§§g a high

flux carr i ng suppEesngthahoimation vhempig welyn Sthicprevsntserapire obinfarfasioppr essi ng
t he fornationép e1ﬂ%b Bwalls th prevents erasure of information of

medi um 24 by return po eYJﬁWﬁP°

Any suitable magnetic and nonmagnetic materials may be used for the
alternating layers. For magnetic layers 76, a material such as CoNiFe, FeCoN,
CoNiFeN, FeAlN, FeTaN, NiFe (e.g. NigFe,, Ni,sFess, etc.), NiFeCr, NiFeN,
15 CoZr, CoZiNb, FeAlSi, or similar material may be used, for example. The material
is preferably magnetically soft, with a preferred coercivity less than about 5 Oersted
and more preferably less than about 1 Oersted. The chosen material preferably has
well defined magnetic anisotropic properties, meaning that it has well defined easy
and hard magnetic axes. The most preferred materials for magnetic layers 74 are
20 NigyFe,, CoNiFe, FeCoN, FeAIN, FeAlSi, and FeTaN. In apreferred embodiment,
each magnetic layer 74 is made of the same material; however, in an alternate

embodiment, magnetic layers 74 may be composed of varying materials.
Nonmagnetic layers 76 may be composed of any nonmagnetic material
which is mechanically and chemically compatible with the magnetic materials used
25 for magnetic layers 74. Suitable nonmagnetic materials include, for example,

copper, ruthenium, gold, copper-silver alloys, and various oxides, including

aluminum oxide and silicon dioxide, for example. In a preferred embodiment, each



Any suitabl e magnetic and nonmagnetic materials may be used for the
alternating layers. For magnetic |layers 76, a material such as CoNi Fe, FeCoN,
CoNi FeN, FeAIN, FeTaN, Ni Fe (e.g. N 80Fe201 Ni 45Fe55, etc.), 2NFEERAPFeN,
15 CoZr, CoZrNb, FeAl Si, or simlar material maybe used, for exanple. The
material is preferably magnetically soft, with a preferred coercivity |ess
than about 5 Cersted and nore preferably |ess than about 1 Cersted. The
chosen material preferably has well dé?i ned magneti c ani sotropi c properties,
meaning that it has well defined easy and hard nagnetic axes. The nost
preferred nat ePPHPAENERe 1avel 6t i dnidey el dempmer mategalNilg®Rea( in @oNiltBmateFe CoN,
FeAl N, FeAl Si, . nreferyed epbodi men each magnetic |ayer 74
eIﬂQ&hE%I? N()mh?g%ﬁg \}\agjers '}’69 m%P’ g%coal}?ogﬁ&' 8{ ‘éary]é‘ﬁﬁ’ﬂ)a&%f?i%t ,

is made of the sane materia ever,” T . _ magnetic
layers 74 may be coBpemeslit@fnot afitida Gorratu pd 50 tNRIFRIARLILhl AXE:Ss (6 My be
conposed of any nonmagnetic material which is mechanically and chemcally
conpati bl e wi t Fagkrticrpajeieals mape apgdangetumenple 2B cdroparaditprresinpolesdferBhe74.
Sui t abl e ngnmagnetic material s i.ncl , JQor. exanpl.e, copper, ruthenjum gold,
copper - si | \9/6!‘ %taﬁ8{/058,5‘53%18%123%?&01}2}160&%3é’§ f‘ﬁiﬂ?fcrflﬁ%{%h@ layg SLP%F‘??H%W #e1sand
silicon di oxi dgrefdrsbly ﬂ@ﬁﬂh@nl@ﬁm@sﬂfd@ﬁ&%?%feﬁﬁ@%ﬁga@ﬁfanm@ﬁ e€the DMEVBER
2006 13 nonmagnetic layer 76 is nmade of the sanme material; however, in an

al ternate enbedbniactional erermdal thecmhenetic $ay26 afaydie poledp o $tasl carftentplagidng
materials. Begause it is n critical for return pole 40 to be thin, greater
t hi cknesses of E&Yeée‘ﬁ%?“gl’ﬁ%t‘é’“ﬁi&%méﬁﬁ W%’QEHFW Wioh @ megn polsE&red to
mai n pol e 38. Elhﬁ?rcénﬁgllraﬂiorﬁf oss-sectional area at the ABS of all the

magnetic |ayers of return pole 40 is preferably greater than 10 tinmes and
nmore preféPably greéllthpughhthe mEeent jimeentiohehasobeh descritssl- withtiefonalceapea of al |

t he nmagnetic | ayers ,of in pole 38. Lt i.s _contenplated hat this |ayered
confi ggr ation %'%%Fgflﬁmggj’meél?ﬁﬁ'om %‘éﬁ B@WWHET@W%E?@}%@GS B?aya%y
conf i gur ati on. pelfhadk tp saaidIgethil Saadh: HEPARNE RBmNBS sPRRMNASSSEd bEfheWi th

reference to _
mvention.



preferred enbodinents, workers skilled in the art will recognize that
changes may be nmade in formand detail w thout departing f2r om tMQéaRZsO ) rit
and scope of the invention. 21 NOVEMBER 2006 14 CLAIMS: MK o
per pendi cular witer having an air bearing surface, the witer conprising:
A main pole conpri sing: Afirst magnetic |layer having a first magnetic
nmonment ; A nonmagnetic | ayer adjacent the first magnetic |layer; and A
second nagnetic |ayer adjacent the nonrfdgnetic layer, the second nagnetic
| ayer having a second nagnetic nonent, the second magnetic nonent being

| ower thap.t irst magnetic nonent, the second nagnetic |ayer being
antiferro%ﬁ‘ﬁ&rcally coupled with the first magnetic layer; a return
pole; a back gap closure internmediate the main pole and the return pole;
and a matn poPdeERangdicy]asvritenhavingrinainkegriag surfave, e aitek qvapmisiigc | ayer and

the back gap closurg,f:he n8i .extension |ayer being recessed from
the air bearing sur anééelh?)g. ﬁgplgg]%pendi cular witer of claim1 wherein:

the first magnetic |ayer Affissthagnetoyet BRSnga tifstidagh@icad@gent he first
magnetic layer being a top magnetic layer; the nonmagnetic |ayer is a
nonnmagneti c spacer; and Ateemagessisdayesghiacend thedjist mpgnegic daygnanidc

Conduct1ve coi | posi {1 onsd-ar rEigeis ks ahChEhdmpieNEInEE IR 21a%: ne
return pole. second magnetic layer having a second magnetic moment,
the second magnetic moment being lower than the first
magnetic moment, the second magnetic layer being
antiferromagnetically coupled with the first magnetic layer;
a return pole;
a back gap closure intermediate the main pole and the return pole; and
a main pole extension layer intermediate the second magnetic layer and

the back gap closure, the main pole extension layer being recessed

from the air bearing surface.

2. The perpendicular writer of claim 1 wherein:
the first magnetic layer further comprises a trailing edge, the first
magnetic layer being a top magnetic layer;
the nonmagnetic layer is a nonmagnetic spacer; and

the second magnetic layer is a magnetic underlayer.

3. The perpendicular writer of claim 1 further comprising:
a conductive coil positioned at least in part between the main pole and the

return pole.

4, The perpendicular writer of claim 1 wherein the second magnetic layer and the

main pole extension layer are constructed of the same material.

5. The perpendicular writer of claim 1 further comprising:

a second nonmagnetic layer adjacent the first magnetic layer; and



4. The perpendicular witer of claim1 wherein the second nmagnetic | ayer
and the main pole extension |ayer are constructed of the sane material. 5.
The perpendicular witer of claiml further conprising: a SALDIFYBER 2000
nonmagneti c | ayer adjacent the first nagnetic |ayer; and 21 NOVEMBER 2006
15 a third magnetic | ayer adjacent the second nonmagnetic |layer, the third
magnetic | ayer being antiferromagnetically coupled with the first nagnetic
|l ayer. 6. A perpendicular witer, havidg an air bearing surface, the witer
conprising: A main pole conprising: Afirst magnetic |ayer having a first
magneti c nonent; A ngn netic.layer. adjgcent the first magnetic |ayer; and
A gecond magnetic | 3@3?&1 I&‘ﬂ?‘%?@éﬁi‘ye%/ﬂ@a?f‘(‘?lﬁ%éﬁ%‘mdc“qngy‘é@mtlﬁﬁr’ the drd
magnetic |ayer having a gReR&RE IARIDeINGnTRIRA 1 g]%ellt nonent
bei ng I ower than the fi rstg mag%i C r%omsnt, t‘er getg%g%ﬁg%gg?i C {%C/er
being antiferromagneti calagyetisdayired with the first magnetic |ayer; a
return pole, wherein the return pole further conprises: a plurality of
magnetic | ayers; and a nonnagnetic |ayer positioned between each of the

plurality6of nagnshdiculaweiier, haies gi fir BagthgRERE, ke WAXEEohSHighs:!
ferromagnetic coupled with each adjacent magnetic |ayer; and a back gap

closure i ntermedi at & T#B PAigiGeMPsisEgand the return pole. 7. The .
Composed. of an al Loy conprrarmyels SRk Ry G A Mg B EbnE L ang: cut ar
witer of claiml, whereAmohheagmnaima@natjacer: dycfirsi Ha&RMP25RE and
A second magnetic layer adjacent the nonmagnetic layer, the
second magnetic layer having a second magnetic moment,
the second magnetic moment being lower than the first
magnetic moment, the second magnetic layer being
antiferromagnetically coupled with the first magnetic layer;
a return pole, wherein the return pole further comprises:
a plurality of magnetic layers; and
a nonmagnetic layer positioned between each of the plurality of
magnetic layers;
wherein each magnetic layer is antiferromagnetic coupled with

each adjacent magnetic layer; and

a back gap closure intermediate the main pole and the return pole.

7. The perpendicular writer of claim 1, wherein the first magnetic layer is composed

of an alloy comprising iron and cobalt.

8. The perpendicular writer of claim 1, wherein the nonmagnetic layer is composed
of copper.
9. The perpendicular writer of claim 1, wherein the second magnetic layer is

composed of an alloy comprising nickel and iron.



of copper. 9. The perpendicular witer of claim1l, wherein the second
magnetic |ayer is conposed of an alloy conprising nickel and iron.
NOVEMBER 2006 16 10. The perpendicular witer of claim1, zﬂﬂgngﬁ“Q%
surface area of nmagnetic material of the return pole at the air bearing
surface is greater than a surface area of magnetic material of the main
pole at the air bearing surface. 11. Tg% perpendi cular witer of claiml1,
wherein: the first magnetic |ayer has first coercivity; and the second
magnetic | ayer has a second coercivity, t he second coercivity being |ess

(hen e H0r St gL ELN Ll Has TPELET AL Bl b b PhpSh " 1

t he nonmagnet i Crys

per pendi cul ar Mthbeetuhﬁpﬁlﬂgttﬁﬂaﬁlbéarb%asrurﬂage BWiréaa&@harl Heurfick bth ofONPr i si ng:
a main pole co isin irst magnetic |ayer having a first magnetic
noment; a non%ﬁ%ﬁ‘%m@é‘}lé’lﬂ%ﬁné}éme atile 9T bepringsyrfads. ¢ | ayer; a second
nagnetic | ayer adj acent the nonmagnetic |ayer, the second magnetic |ayer
havi ng a second magnetic nonent, the second magnetic nonment bei ng | ower
than the 1lrstThepgpetdicularommitet of dlhien bedenennagnetic | ayer being

antiferromagnetically coupled wth the first netic layer; and a main
pol e extension Iaye?yi égﬁﬂ?nﬁ e%@%@ﬁﬁsﬁﬁﬁﬁﬁﬁg Y andyer, the main pole

extension |ayer not th%%&(%ﬂg'rﬁ&nreﬁ)c L& 1Bk fa SBERHGI BBrciviY, FRGEeond oEHF) PO! €

being less than the first coercivity.

12. The perpendicular writer of claim 1, wherein the nonmagnetic layer has a 111-

crystalline orientation.

13. A perpendicular writer having an air bearing surface, the writer comprising:
a main pole comprising:

a first magnetic layer having a first magnetic moment;

a nonmagnetic layer adjacent the first magnetic layer;

a second magnetic layer adjacent the nonmagnetic layer, the
second magnetic layer having a second magnetic moment,
the second magnetic moment being lower than the first
magnetic moment, the second magnetic layer being
antiferromagnetically coupled with the first magnetic layer;
and

a main pole extension layer adjacent the second magnetic layer, the
main pole extension layer not extending to the air bearing
surface;

a return pole;
a back gap closure intermediate the main pole and the return pole; and
a conductive coil positioned at least in part between the main pole and the

return pole.



a back gap closure internediate the main pole and the return pole; and a
conductive coil positioned at least in part between the mair11 \pEI eEaradSthe
return pole. 21 NOVEMBER 2006 17 14. The perpendi cul ar wr i BPYERSPERE m 14
wherein the second nmagnetic |ayer and the main pole extension |ayer are
constructed of the same material. 15. The perpendicular witer of claim 14
wherein the main pole is a | am nated ﬁ ructure, the main pole further
conpri sing: a second nonnegnetic |ayer "adjacent the first magnetic |ayer;
and a third nagnetic | ayer adjacent the second nonmagnetic |ayer, the third

magnetic lLayer I L . { 1 oupled with the first  nmagnetic
Iager. 16.1@% pggggﬂgf:%%lgéﬁ\%\#%@&g a\?/?lﬁ}g};lxraeﬁn tlgllgrS Cﬁggﬁ?ﬂ%ﬂéﬁwg@é’fl t}E‘fl'ﬁe .
writer conpri siaigpole Axtemsion fagéreare oompirusted gf thd shink satérgnet i ¢ | ayer havi ng
a first magnetic nonent; A nonmagnetic |ayer adjacent the first magnetic

| ayer; A second magnetic |ayer adjacent the nonmagnetic |ayer, the second

magneti ¢ havi ngh@pSpeRRcIARRR! chiléeﬁg{rg\f%vherieﬁxgth? ﬁgﬂ%%%ﬁ&mmm | ayer

being antiferromagnetically coup _ ayer; and A
mai n pol e ext estgictue,| thy srairaphlafetiter tdepsdeond nmagnetic |ayer, the nmain
pol e extension | ayer not . extendi the air _bearing surface; A return

t
pol e, wherein the r%ﬁ?PﬂdB%‘PBa&“GE‘rglﬁé(gr 3Pt be &irst magsetc layes yndf  nagnet i c

| ayer tS alnd A nonmegigid fadr@i€layPPdjdeANBE sQShWRBAmESRHc Myet e Middral ity of
magneti c | ayers;
J Y magnetic layer being antiferromagnetically coupled with the first

magnetic layer.

16. A perpendicular writer, having an air bearing surface, the writer comprising:
A main pole comprising:

A first magnetic layer having a first magnetic moment;

A nonmagnetic layer adjacent the first magnetic layer;

A second magnetic layer adjacent the nonmagnetic layer, the
second magnetic having a second magnetic moment, the
second magnetic moment layer being antiferromagnetically
coupled with the first magnetic layer; and

A main pole extension layer adjacent the second magnetic layer,
the main pole extension layer not extending to the air
bearing surface;

A return pole, wherein the return pole further comprises:

A plurality of magnetic layers; and

A nonmagnetic layer positioned between each of the plurality of
magnetic layers;

wherein each magnetic layer is antiferromagnetically coupled with
each adjacent magnetic layer;
a back gap closure intermediate the main pole and the return pole; and
a conductive coil positioned at least in part between the main pole and the

return pole.



wherein each magnetic layer is antiferromagnetically coupled with each

adj acent magnetic |layer; a back gap closure internmediate the nmain £ole and
the return pole; and a conductive coil positioned at IeastzﬂH@6¥P? BE ween
the main pole and the return pole. 21 NOVEMBER 2006 18 17. The

per pendi cul ar witer of claim 14, wherein the first magnetic layer is
conposed of an alloy conprising iron aﬂg cobalt. 18. The perpendi cul ar
writer of claim14, wherein the nonnmagnétic |ayer is conposed of copper.
19. The perpendicular witer of claim 14, wherein the second magnetic | ayer

is conposed o ' - i nd iron. 20.. A perpendicul ar
writer ha\ql?'ng grt]xé‘gler?le%cgéxrlffrg\gﬁ{gh?# éz}glg? h%’@e\ﬂ% P?léerﬂr(?g%g'?eélic&@%r lsg mai n pol e
conpri sing: ancomposedoban bllay ¢avypristycifon andaeppier | ayer adj acent the
iron-cobalt alloy layer; and a nickel-iron alloy | ayer adjacent the copper
| ayer, the nickel-iron |ayer being antiferromagnetically coupled with the

[ ron- cobah! | afepimendiQlitiiRPbEilafh PASHheAAR i %ﬂ{agp%t%;ﬁ?eggg%o%}ﬁos%ge mai n

pole and the return pole; a a second nic -iron

i nternedi at e tbhecdppest ni ckel -iron alloy |ayer and the back gap closure,
the second nickel-iron alloy layer extending toward but being recessed
fromthe air bearing surface. PERPENDI CULAR WRI TER W TH MAGNETI CALLY SOFT

AND  STABIS: H Bht phbdialdiarMAENTE YRN £ Frkrein the second magnetic layer is

composed of an alloy comprising nickel and iron.

20. A perpendicular writer having an air bearing surface, the writer comprising:
a main pole comprising;
an iron-cobalt alloy layer;
a copper layer adjacent the iron-cobalt alloy layer; and
a nickel-iron alloy layer adjacent the copper layer, the nickel-iron
layer being antiferromagnetically coupled with the iron-
cobalt layer;
a return pole;
a back gap closure intermediate the main pole and the return pole; and
a second nickel-iron alloy layer intermediate the first nickel-iron alloy
layer and the back gap closure, the second nickel-iron alloy layer

extending toward but being recessed from the air bearing surface.



ABSTRACT OF THE DI SCLOSURE The present invention is a perpendicul ar mwiter
having an air-bearing surface, a main pole with an extension, and retu
pol e, and a back gap closure internediate the main pole ext 8 %@W%ﬂqﬁﬁh the
return pole. The main pole includes a top magnetic |layer and a soft
magneti c underl ayer separated by a nonmagnetic spacer. The main pole
extension is in direct contact wwth the nain pole and recessed fromthe
air-bearing surface. The top magnetic layer fornms a trailing edge of the
main pole at the ABS and has a nagnetl nonent greater than that of the
soft magnetic underlayer Furt her, the top nagnetlc Iayer and the soft

magneti c under a} ti rgggg‘w@ ﬁiﬁh e thin
t
TR e 1 e

size along with an |ncrease of anistropy of the top nagnetic |ayer
material. Figure 2 ABSTRACT OF THE DISCLOSURE

The present invention is a perpendicular writer having an air-bearing
surface, a main pole with an extension, and return pole, and a back gap closure
intermediate the main pole extension and the return pole. The main pole includes
a top magnetic layer and a soft magnetic underlayer separated by a nonmagnetic
spacer. The main pole extension is in direct contact with the main pole and
recessed from the air-bearing surface. The top magnetic layer forms a trailing edge
of the main pole at the ABS and has a magnetic moment greater than that of the soft
magnetic underlayer. Further, the top magnetic layer and the soft magnetic
underlayer are antiferromagnetically coupled through the thin nonmagnetic spacer.
The nonmagnetic spacer has predominantly 111-crystalline texture and promotes
reduction of coercivity and grain size along with an increase of anistropy of the top

magnetic layer material.

Figure 2
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