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HEADS WITH VARIABLE-LENGTH GAPS

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit of Uhited States Provisional Patent
5 Application Serial No. 60/157,883, filed October 5, 1999.

Fl OF THE INVENTION

This invention relates to magnetic recording heads, and more particularly,

relates to thin-film longitudinal recording heads for recording at high densities.

BACKGROUND INFORMATION

10 Magnetic hard disk drives incorporating longitudinal recording heads are
well known. However, conventional longitudinal recording heads suffer from the
disadvantage that at high recording densities, e.g., exceeding 40 Gbit/in?, the track width is
relatively large. In particular, a track width cannot be defined which is smaller than the
head track width plus two times the gap length of the head. This limitation results from

15 side fringing magnetic fields which spread at a distance on the order of the gap length from
the both track sides across the track. Decreasing the gap length should reduce this
characteristic side fringing region. However, as the gap length is decreased, the magnetic
fields in the region of recording media along the track are also reduced. For example, at a
50 nm gap length, the maximum in-plane field component at a 10 nm flying height is less

20 than 10,000 Oe, assuming a high moment (47M, ~ 20 kG) pole tip material is used. This
field is not sufficient to record transitions clear enough for such high densities. At such
high densities recording media are expected to have dynamic coercivity above 5,000 Oe,
and approximately two times the coercivity is required to record sufficiently defined
transitions. Therefore, there is a trade-off in decreasing the gap length.

25 The trade-off optimization indicates that the smallest gap length at which the
maximum areal density can be achieved using a conventional longitudinal recording head
ring structure is approximately 50 nm. Therefore, the smallest track width that can be

achieved is approximately 50 nm + 2 x 50 nm = 150 nm. Taking into account 20 percent
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Abstract: A longitudinal recording head (50, 56, 60) for use with fahrdAR 2004
recordi ng nedia includes a non-uniformgap (54, 59, 64) between first

(51, 57, GQO(QBth;econd magnetic (52, 58, 62) poles which focuses nagnetic
flux onto a snall area of the magnetic recording nedi unfCHYRYTE8- uni for m
gap is preferably in the formof a cavity that is contoured to produce the
desired fl ux tatﬁs(er.n. .LOQ itudin recordi ng heads incorporating the

non- uni f or ‘g}%‘g TAR SSBISRHOn e priaflesipagk piteh it IPFR¥easely 18Q &8, Assuming AR

2004 WO 01-2600%UPEHEIMSORI 3 HGIchs@NeaT 43l Ak NAFNEE) Qxﬁﬁmrﬁgt\l/i EADS
W TH VARI ABLE- LENGTH PS CROSS- REFERENCE TO RELAT % APPLI"CATI IS
application claims t¥re- BEfENo S §21.60) todephen disciasesn mognetioresordingtheat 5
Appl i cat i oRyitR@Idisthe WénlR Gai | . I THE
| NVENTI ON Thi s ; nv.edr\lﬁpon. é%%’%@?f%ﬁcﬁgg%@i&:@%%ifgnegd% ﬁnetgg&ﬁl-g%ﬁgﬁ,mr e
par ti cul ar While the-digalesed pigchedigap deisigmmay meguce ddefainging Gelds] itiegfididsaia shef or

recordi ng i it Jl 0 _Magnet.i.c hard di sk
drives i ncg%‘f)ﬁ(}lregt |nng %n%@tﬁa%lﬁwggaitﬁg %g{gglggglpeo r%@ﬁ%’%ﬁé@m.

However, coeereinity madih. Furthgrmordi the pincled @apliesipnicademslyfsésitivé kOwritehe

di sadvant a el rtlsat at high recording densities, e.g., exceeding 40
Goit/in2, thetrack width is relatively large. In particular, a track

wi dth cannot be def iThegprastit diventonhiaibder develvped inveew Srapeifordgails, Madbh pl us

t wo t;l S t%ﬁ%s?aﬁjlﬁ%%th .Of tléﬂee head. This limtation results from 15 side
fringihg né 00 PEFUECHH I RIIF 83d at a di stance on the order of the
gap length from the both track sides across the track. Decreasing the gap
| ength should reduce this SIIVMMARY OFTHE BNVENTION1gi hg regi on. However,
as the gap length is decreased, the nmagnetic fields in the region of
recordi ng nedi a al orithetphssert: irveitiohpeovades @ noeGhifoed or Egtowee®gplbetwead fist 50 nm

gap length he xtmumin-plane field co nent at a 10 nm flyi ng hei ght
is |ess 205’?‘#1%%0“%3’,0 Gpéqng%?ﬁ{eﬁ%fsﬁ‘g ﬁFij‘hﬂnﬁ‘ﬁﬁéﬁ?“"("‘ﬁﬁm magnotir i’ pole tip
material i stréngeichnd phdfHe tofdebfitrdled 04 méntef Whick BdncéiiPrates @R mshghdiRHuiklih ONS

cl ear enough for such high densities. At such high densities recording

medi allre HEFERIEHPY oUeLE ocaizsd magned Bplds ¥rF thipreby gorsratedyin thearagnetipn d

appr oxi mat gdcyrdh ibABRdel (1 p89CThd dbk oY the res&fl Hor- 9 ficiently
defi ned trgnrsir%@?(e)%ls. Tﬁer efggl?e, t her et [ ?rg trgdgrgfgw g?lﬁﬁglgg?%g ing the
gap | engt hincreases the data storage densities while avoiding the necessity of making substantial

modifications to conventional longitudinal recording head designs.
An aspect of the present invention is to provide a longitudinal recording head
20 for use with a magnetic recording medium, the longitudinal recording head corhprising first
and second poles, and a non-uniform gap defined by the first and second poles.

Another aspect of the present invention is to provide a method of making a
gap between first and second poles of a longitudinal recording head for use with a magnetic
recording medium. The method includes the steps of providing first and second adjacent

25 poles, and creating a cavity between the first and second poles.

A further aspect of the present invention is to provide a method of storing
data on a magnetic storage medium. The method includes the steps of providing
magnetically permeable first and second poles defining a gap therebetween, providing a

magnetic storage medium adjacent the first and second poles, and concentrating magnetic
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25 The trade-of f optim zation indicates that the small est gap IeanhMAR 2004
whi ch the maxi mum areal density can be achi eved using a conventi onal

| ongi t udi nayo s12e@F di ng head ring structure i s approxi ”Péﬁéﬁw?ygssnm
Therefore, the smallest track width that can be achieved I's approximtely
50 nm+ 2 x 50 nm= 150 nu. Taking into account 20 percent -1 1 7 MAR 2004
WO 01/ 2609 S t s Jusredistration, the snallest
track pi tcﬁlulﬁ)sGI lj<'§1Jgproxi%rzrswr?;t e {/eg(?Lnélng %Hﬁﬁlg{é‘ﬁ? ﬁgﬁ%gapz‘:" Progue %GF?II,Z{’The

maxi mum ar esdgnetsrizld ip thdmagnetirstdregeandtiieved i s approxi mately 40 Goit/in2.

U S. Patent No. 5,6 95 .t g Cohe iscl oses. a magnetic recordi ng head
with a pinched gap |ecehanfis°faje§5§p8&§%€tﬁ%6rﬁ§?5t @Y%&o‘?}”ﬁ% ‘H‘g‘eﬁ%m?f(émfi el ds
in the gap tiiecfglioming d&schptione t he di scl osed pi nched gap design may reduce
side fringing fields, the fields in the track region are also reduced

si gni fgcant ly, resulti ngmmw high coercivity
nmedi a. ~ Furt hernore, the y sensitive to wite
currents. The present. in) i an_has . been devel .in.view of the

f oregoing, and to ;%g'afc]lére"gs 5%8 ﬁ’g? tyc?écffcc?fn@ﬂtﬂ %E‘?g‘ﬁf‘?%e fgf ?”g’t"hél}et. SUMVARY
OF THE | NViphéEerDivEinpmaystientsed, iiamatingnhendiskuiriie witd it8 @pped RbhsifePoRfonCONt Our ed

gap between fira; and second poles of a longitudinal recording head. The
gap al | ows "A®*fragnetic field strength and profile to be controlled in a

manner whi ch concentrigt®s atparialpedheritic Hottbs view k% cbhMRnSGHa1 roﬁ@:hﬁﬂxal Strong

| ocal i, zed ma%neti c fields are thereby generated in the magnetic recording
regi oAl und&FeoFding kpag havipgaa E}E@r‘BfgaR-he present non-uni form gap significantly
| noreases the data Sprags aan) dieRuitokSmak iR BnidhBonPRESRY Of

maki ng substantial nodifications to conventional longitudinal recording
head desi gmecordipg hegd bamingod unifesm gppwith side shieldst i on is to provide a

| ongi tudi nal recordi .t h. L | ecordi di um

t he | ongi t udi nal recﬁogd{'ﬁg%ﬁgé y%%%%%{lﬁgqoﬁ%ﬁp fegls{g%qg%tghg%%éﬁcardb’@q% ‘?mand a
non- uni f or imcsiingdedonmiforlny gaphe the fosn ofanchvEr momchbrdmmkce with Amembimaspect  of

t he prgsent, I Ny Iqtti}1 e?ni&% to provide a method of neking a gap between
first and s&don polees of a |ongitudinal recording head for use with a

magnetic recordi ng Fipd ismgraphef eagived ficldctrergesactdre i trapis wakh fok ovi di ng
first and second adj acent 25 ] es, and. creati, a cavity between the
first and SERGARPIAGIUST-Raq (rorfios hiaddand & BA-yiarTp SEISFRICIE D&M on | o to
provi de a mEdoRecORitADehBbRimeAabAnOPredenMOGHAbAC St Or age medi um The net hod

i ncl udes the steps of providing ) i
Figs. 6a and 6b are partially schematic side and bottom views, respectively,

20 of a conventional longitudinal recording head having a uniform gap.

Figs. 7a and 7b are partially schematic side and bottom views, respectively,
of a longitudinal recording head having a non-uniform gap in the form of an ellipsoidal
cavity in accordance with an embodiment of the present invention.

Figs. 8a and 8b are partially schematic side and bottom views, respectively,

25 of a longitudinal recording head having a non-uniform gap in the form of a partially
ellipsoidal cavity having inwardly curved sidewalls in accordance with another embodiment
of the present invention.

Fig. 9 is a graph of magnetic field strength across the track width for a
longitudinal recording head having a non-uniform gap in accordance with an embodiment

30 of the present invention.
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magnetical |y permeable first and second pol es defining a gap therdb@t MAR2004
providing a nagnetic storage nmedi um adj acent the first and second pol es,
and concentwoiiblgy magnetic -2 17 MAR 2004 WO 01/ 26097 PfddaiAhag /356 fl ux
between the first and second poles in the vicinity of the gap to produce a

| ocalized magnetic field in the nmagnetic storage nmedium These and ot her

aspects of the presgfjs 'lﬁé’ b r the foll ow ng
description. 5 BRIEF E@'Il %% g#t%WWﬁgE&ﬁV%%f ggpglgt op view of a
typi cal coﬁ@u@@mnh@pdfoa lpsddudng a/emf-mnfomtn gmntahmgxtpdmﬂeéﬁ)rdntg\md fron may be
used, illug W th S er housing portion renoved.
Fig. 21is a&{)g&ra gﬁl}u boet‘frgsr?{l\}fwe\ﬂf%ﬁ) a conventional |ongitudinal
10 recording head hdilg rg isa pmlilq'rmmﬁc sifft gectidhal Giew oP@Fdchsel lioh &%em&t ic
bott om vi e\a/ of a conventi ong(L ongi tudi nal,. recordi ng head having

uni f orn gafire§t £110E ARPaLaiHsJiserto pEqdice ylopgitudinglrepqrding Qeaédll*lé%ﬁltdﬁ%"e%ﬂlt om vi ew

of a Iongl hmdmwunné@@eﬂﬂlpmdm@gmohncl uding a non-uniformgap in the form
of a cavity in accordance with an enbodi nent of 15 the present invention.
Fig. 5is a graph offi$regribt photemigrogragh pligngitudinalyseording head Audludivigct h f or
convent i onabn-tiifd@rgad Pie ?&&Q{fdlcaﬁtyfb%a&é%n ﬁa@%o@ HBRA W RChALIe SAR Jhecor di ng
head in accordance with an enbodi ment of the present Invention. Figs. 6a
and 6b ar e cphediment|of heprrseritinventifinde and bottom views, respectively, 20 of
a conventional |ongitudinal recording head having a uni f or m gap. Figs. 7a

and 7ippare partially schemati cpgrdfi ngggm@Ni ews, respectively, of a
| ongi tudi nal recording head having a non-uniformgap in the formof an

el lipsoidal cavity 11 iRestndaBser ik trebfiof RS nobh 15:{]g§u(gﬁaﬁsent
invention. Figs. 8a and 8b are parti al lk% schemati ¢ side ottom vi ews,
respect i veFspordingicads ysed Uﬁ’gﬁbﬂéldﬁhldﬂw forl corapuRsH Pk 4l Whigh is ilwstratgdiirf or m
gap in thegfonmgf, @dﬂé&h""réo}‘d Psei-dal &p%ﬁ |y curved
sidewal | s |F accoréance lWl th aﬁ%ﬁéa& &ngg he 'aﬁt)!c% 1Qﬁlf\iéaﬁqrrﬂe/sen gl nventi on.
Fig. 9 is apgatioph dhe harddisk duive 10sihcludss lachn@mg ldc(wahshetdppertpoaain remoied for a

| ongi {41l ngly hEFRH pA%oR GRMIR e 1Rl Sy AnchiloRG 588 S3RGEH th an

to contain and locate the various components of the disk drive 10. The disk drive 10
includes a spindle motor 14 for rotating at least one magnetic storage medium 16 within the
housing, in this case a magnetic disk. At least one arm 18 is contained within the housing
12, with each arm 18 having a first end 20 with a longitudinal recording head 22, and a

20 second end 24 pivotally mounted to a bearing 26. An actuator motor 28, such as a movable
coil DC motor, is located at the arm’s second end 24, pivoting the arm 18 to position the
head 22 over a desired sector of the disk 16. The actuator motor 28 is regulated by a
controller which is not shown, and which is well known.

Writing is accomplished by rotating the disk 16 relative to recording head 22

25 so that the recording head 22 is located above the appropriate sectors of tracks on the disk
16. Reading from the disk 16 may be accomplished either using the same head 22, or with
a separate read head adjacent to the write head 22. If the individual magnetic fields are too
close to each other within the magnetic layer of the disk 16, writing to the magnetic storage
medium will affect not only the desired location on the disk, but also neighboring locations.

30 Therefore, maximizing flux density within a desired section of a track while minimizing
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30 of the present invention. 3 1 7 MAR 2004 WD 01/ 26097 PCT/ US00/ 27856 MAR 20Nk
Figs. 10a and 10b are partially schematic bottomviews illustrating

fabricati ogogisdg for producing a non-uniformgap in a j L udinal
recording head in accordance with an enbodi nent of thel,lcgngboezzg‘;i nventi on.
Fig. 11 is a partiall y schematic side sectional view of a focused ion beam

5 direct efchi at. used to produce a | ongjtudinal recording head
in accordaﬁ 5%%1% i n@#@’@&f‘%‘m‘mﬁf P?Wésgwéﬁﬁw beRmatles, Serebyi g 12 is a

phot oni cr ogsrftingd grateOM@ibet!8f thitks WERIGA b Aisk Jand @A 1hE B Wik MY stBre NON- uni form
gap in the formof a cavity between the pole heads in accordance with an

enmbodi ment ad(ﬂ“"ﬁ‘ﬁlén@F‘E%‘@Ht A‘idﬁl?’@l*&lb’o?f’nc‘?!@'am fpplepsgoRIETedNtERck nvent i on
i s descri bggbchi bEiBlyakhd @Borkiag RE ing heads
used with a ﬁa?d di sk drljrveg 1omg;w‘ié§%‘13{3?§€?m§%tdg@ﬁ‘mﬁ‘ﬁg&gﬁ%ﬁﬁstrat ed
in Fidyy. 1be ahicyedhy nlowesr power ﬂ@é‘or@lﬁﬂ@tlhéadmnwefaamg @hehmdeta:oﬂam\aﬂ f or r ead

and/ or wri Kk ncI u hou

(ui th the TesaPRRATERAS: ol Mindhthlr K8 pleby BrdRad TS of whgteleall 7

view for n’mrdem(havcIaekughewoechl\rmmﬂthm&adle@ndexdem| gur ed to contain and

el udes a spi ndl e AoCRToHGt IPeigtR) ek ing ok B e B xS age

medi um 16 mlesrﬁlrantil‘se defivingsa mgformap B4 B Sﬁ@ﬁ[ﬁln(flmnﬂfclg@ 84 B a Mifolrgast one
ned withi 2, Wth each arm18 havi ng a

1? |r ;n s% end ‘b\n?t 7rags P’BﬁrﬁFlfn‘ﬁ'%ﬁ’Fr}h%p O&‘?@ngﬁtﬁ% appEogah 505 redypige sidofringingond end 24

pivotal |y fREieaerated bit tRe@dhieRGordPheadB0 BEFAD Ao e&hterslda&lexayﬁﬂh@ pa nmovabl e
coil DC nmotor, is located at the arm s _second end 24, pivoting e arm 18

to positi offEioeas W ImBig o} e Theshead 49 pEBis s ielyfes dirstand segprsipol®. 41 ané

act uat or 8 Yh I t own, and
which is V\n/lie)i Qﬁlc%o%n% ﬁ?tl 3{"’??"5 Qélg?grnngg?éstﬁgak%s t\rﬁg'%rg{kl ‘*r?gtht sZ&sk 16

rel ative t@llfrl@(ftﬁaép%@bﬁaﬁf@@ed 2goss dhet gaptd4 Néltlrtbtﬂdfclshnﬁt}fisrﬂéadmﬂ%h, hel ocat ed
above;4 he r e ng.fromthe
i sk o o PROERL IS8 TR Erofgh b BRNReRpbils ollehf g RO B,
separat e rfeds.head adj acent to the wite head 22. |f the individual
magnetic fields are,tQo l.ose .t o each ot Wi, t hi etic layer of
the disk 16, witind™ Plane[fﬁeé&)sngﬂwiqt?dgusg{g& %ﬂ?‘ﬁ%‘{)ﬁerﬂgp%ct not only
t he desi r edmpeesifoote sigulah endths khlelc{wdthe@ds%ﬁovﬂemﬁ@OE afid3 hioBatdngagon 30

Therefore, maxi m zin E ug ?ensm within a desi rep sectjon of a track
whil e i ni P95 aﬁ%shown n Fig t can be Seen that although ¢ side fringing fields are reduced

20 in the head of Fig. 3, the fields in the track region are also reduced significantly,

preventing recording on high coercivity media. The cause of this significant reduction is
the existence of a path for the flux flow in the gap region.
A disadvantage of the pinched gap or side shield design shown in Fig. 3 is
that the pinched gap has an abrupt or discontinuous reduction to zero of the gap length at
25 the sides. As a result, heads of this type are known to have problems of extreme sensitivity
to write currents. As soon as the write current reaches the saturation value, the sides of the
pinched gap magnetically saturate. As a result of saturation, the sides become magnetically
hard, which in turn means that the pinched gap turns into a regular gap effectively without
any magnetically soft sides. Therefore, to take advantage of the pinched gap head, it is
30 necessary to keep the write current exactly at a value just before saturation takes place,

which puts very stringent requirements on the write current control. Another drawback of
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-4 "1 7 MAR 70nk WO 01/ 26097 PCT/US00/ 27356 flux density within 17 MAR 2004
nei ghboring sections, permts the tracks to be snmaller, thereby

perm ttingwd d@h er nunber of tracks within a disk, a | owmi ng the disk
to store addi tiﬁ?nal information. Additionally, concenﬁd‘gﬁ}sﬂ(ﬁ”ﬁﬁe flux
density within only the track directly below the recording head 22 w ||

permt the me. ] ux densit ithin the track to 5 be achieved by a | ower

power | evep.%%ﬂc{] eedr%gtdleﬂ%q ‘ﬁ,d‘vl%}clﬁglﬁ%%t?ftrtgﬁtiaﬁ&“&ﬁ%‘“rﬁﬁﬁ Aapynt flpows,threyght the | ner ease

fl ux densi toft ddestbbforeaniatidaWdhe hayRtic fllhe&haRn 61H‘itﬂetéaﬁ'9e§i"onti§ aﬁ}%f&? be

magneti cal | har der (haye .a hi gher coercivi gyﬁat t he sane power Tevel. A
1€

conventi on at‘lvﬁlﬁdf“?u’o‘ig%timgrlééﬂ?tH’F]ﬁdmlaﬂ FRgonding . Ahisibagpnfes pstiticehd second
pol es 31 apfbvids BLfdchidig a@highalRitiy.9ap 34 is shown in Fig. 2. The gap 34
has a uniform 10 length L across the track width W One suggested
approath for reduci &€ gsecRf afnopgiferm gap én ahsorgenve withelt mrysetthieventow ent i onal
head 30 of _Ei b Spifs i i.el .0 the.gap. regi on, as shown
' Fi g 3 FTRacBnt P ProBRhS vRid il sbP bty 8B EnBienS 1 anc
42 whi ch dedrpssgheagagah Atferded corfigurationuprovidesm dap haitity 4 vaging sedgthhe track

width W S .Shj apd.46b. ar e ovi ded, across the, 44, Wth
the side s g?‘%fl%gthéfg%gzhﬁégg%b ,gl(iicthhcg}ljt qgo%rgé]tgﬁ?rtmf eué“ ﬁ%’of"ﬂgdfa ]Fyo'ﬂ‘/\P‘t’hr ough

t he shi el desifaregiapnmliké the byt shiztilieingoi Reheiqisre fshiGomEburdiof kithwn ihn- pl ane
fiel déﬂ ca cuhat d using. 3]83[) boundary el enent field solver, Anperes, for
the rEgul af BandPliOHS TEETEC Ay 1 eoRaRnTat dRke rogion yder the gapd A5 uied hesein,

sat ur at i 0nthe R@inMnoAfuBiferhoMmp” intlvdedeap 2onflgur-6ions BEwEi Rgh the
side fringing fields are reduced Sggopi n tgﬁe head ofﬁl@ﬁli:?lge%%g%n?htéwa ds in
the track FUgRBfithralonedhs dimgRpianpcrosyiie frackgitalopg theslimensionipapendiaibardé ng on
hi gh coer cindibbiYorBhifbeatil® sidse Of this significant reductionis the
exi stence of a path for the flux flowin the gap region. A disadvantage of
the pinched gap or 3Yithethe preggnénepeuniigrm gtodesighrefer the s@ed saturathabe t he pi nched
gap h an ' j ' f t.he ength at
35 1D masteffbuables O e Ater AT SR o serdtiRATR 47 01 oo
of extr enereg@nsinddryhea gapt Thesshape of e gantantroldshefomming sffédne Avmirésalt ctiereent
reaches the saturation.value, the si of, the .pinched magneti cal |y
Caturate.  ReoReitBl Py ol ol el satgr oS AR RS har
whi ch in t dueno miais dohehtrition iptheghetbgaldué tor dcadyiux p%oﬂa?ﬂi&n@l’iroﬁ@ﬂhe
effectivel ore, to take

W thout an netically soft sides. There )
advant age g‘?n“fnd TR H % rg%%r ﬁ@é&’?sf Tate, g lidd dsrnbagiced inghgapgegiondusy i ¢ e
currert ex@ahé focainglefied bytthd eEdctiROhnetiSehhtpeatorBll SrAke mnB A6 of mlghsh puts

very stri ngent requirements on the wite current control. Another “drawback
of uring the saturation process.

Fig. 4 illustrates a longitudinal recording head 50 having a non-uniform gap
in accordance with an embodiment of the present invention. The head 50 includes first and
second poles 51 and 52 which are made of magnetically permeable materials such as NiFe,

25 FeAlN, FeTaN, CoFe, CoFeB or CoFeN. A generally cylindrical or hemispherical cavity
54 is provided between the first and second poles 51 and 52. The dimension D of the
cavity 54 varies across the track width W. The cavity 54 thus defines a non-uniform gap
between the first and second poles 51 and 52. The magnetic field from the head 50 is not
only concentrated in the region defined by the head track width W, but is also stronger in

30 magnitude than the field emanating from an equivalent conventional ring head. When
saturated, the non-uniform gap head 50 shown in Fig. 4 is capable of generating very
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-5 1 7 MAR 2004 WO 01/ 26097 PCT/ US00/ 27356 the pinched gap design 'fﬁlﬁﬁ 004
to the fact that a significant flux amount flows throught the soft g '
before satywhaisgsy The nmagnetic flux emanating fromth jon is

t herefore ref at?’vel y small, resulting in relatively s%g?@g(}oégsgé di ng

fields. This becones a critical problemfor recording at high densities.

Fesol ves. tHen HEPRe 0T R R Hthec AR TEROT DR s shahin Rl i ooy big.
relativel y5 tead beeon that Aga0 S0 a$ RWHAPFigAd Mith S0 mArkised i9dpatik g provi des
a gap havi‘ip‘%i a var%i(%éegtgth di mensi on across the track. Such continuous
reducti on THES a5the prder of k) i, (signifisaptly smakes than 330 nracke t he

abr upt shi plath adFdbeby @8 chuivaldPestiiiol S 8 CRRbLOIOR)| Afick RQMfHd 10
Fig. 3, allows magnetic flux to concentrate in the region under the gap.

As us@d heforivery hightecordipgflensities. ¢ £ g5pater dan 100 Gbittind aseabdpsitonf i gur at i ons
for which the gap | gngihiais ' I t. | mensi on

across the track or al ong tﬁg&gia ?ﬁésl?égﬁéﬁ%gﬁgeen |félﬁelpg%g?tdmpﬁ$efgottom or
ai r bear i négsisahl¢ fieJd profile andistrenggy ase ersatedhbyvarying the igap) geoneberg iimgthe vediicalr t he

si des sat ug. L . | on the i.nner.sides of the gap
ef fectivel @?e%o%nuéﬁﬁ%ég,gr @gx%rgﬁé#gar? (?@F gglorlln He " e“glﬁ %lﬁfa b]ﬁ%‘fvel?ﬁseé’ﬁap. The
shape of theizgetpl direofionolIsshiohid bt motad thaginebhiventionalAkesigny RS gdpt geoinbey & 1S no
sensitivity to.the. saturation current. Beforge the saturatiqn occurs, the
o a0 mer s kBt FiEton ok Bt il Bt Pirbhey HintraPig PEROB: ¢ o an
easy flux fhe GRaigFitheotroatiefht s ilStrat@DBy- 1O tdrértiosa Mesl I6esT Figdf bL4ndtdbe Si des
saturate, %he field is eqr;laanced in the gap region due 20 tqo the focusing
ef fect by fhEhoapdpkies, o2 1d Gheits brst pnd sgeand paleptang P8 dsting s pmiformigar 39.of t he

gap during the sat g fbérainchwfias Smbéditent 4f ink ptSdnk fveifiod, dh@ﬁﬁ}hﬁeﬁ@i nal
recordi ng head 50 having a non-uniformgap in accordance with an
enbodi ment figdd profide ad syength qra genitolleshby vaRung, g gasEgion & e sertiegl directiond

eco ol j . i . erial
toh e N EE0vR gIEe 355 Bkl AliolEar el Mthln T 1ot JREATRE N REBA o1 2
cyl i ndri ca$6 includsifirgahé sdcord pades\5i7 tapd 5S&ith an glfipsoiddbcaviefWberebeéthvesnt i r st and
second ol £ i 3 R EPin Pl b R TR: 207023

nes a non-uni bet ween
the first lkaoaioseftmaximpol fas coiceamatiohdelowhiee gapdhetic field fromthe head 50

5, 0L onLY Soncengat el sk dhel A5 MISHBY SicalBR gk 0t W
equi VAl ent ofaBpesdnt PRettiofil Figsthadsbconth®ies 63 ahdI6PhAE a cbitBurd®Bavitiieh Or m gap
head 50 s hfcg)vrmnlinlgg nlgh-%hifcflrml gsap (ﬁ?%lgtlw%ergf Tl%]eecr;]al(\?irt);le %Alf lTags a\I{ %{l%tical shape at the lower
air bearing surface of the head 60, with inwardly curved sidewalls which form a narrow
hollow tip defining a minimum yoke distance M. The minimum yoke distance M
corresponds to the location of maximum flux concentration below the gap 64. The
25 inwardly curved shape of the pole cavity shown in Figs. 8a and 8b compensates for spacing
losses. Another advantage of the inwardly curved walls in the generally ellipsoidal cavity
as shown in Figs. 8a and 8b is to increase the magnetic surface charge.
Because the gap length is negligibly small or zero, the present yoke structure
can be saturated at a smaller coil current value than an equivalent conventional ring yoke.
30 The smallest cross-sectional area of the yoke M saturates at a smaller current value than the
rest of the yoke. A yoke geometry can be chosen such that the narrowest yoke cross-
-7 -
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stronger than 16,000 Ce, as shown in Fig. 5. Also, fromFig. 5 it can be
seen that @ 20 as shown in Fig. 4 with a 50 nm di LS capabl e of
defining a trgﬁﬂ wi dth of the order of 80 nm (signifi cig?}"g&oekéfl er than a
150 nmtrack wdth defined by the eqw val ent conventional ring head

descri bed above), which.is suitable very high recording densities,

e.g., greatsf %%a%loiﬁﬁf{]ﬁ?m ﬁ’f:ﬁgsnaqn&ﬁlthed’é? VY. 4 t%aewna%@ew Wicreaseqd

pref erred gohoge s@ivatiof pdditethelyslsee@gmﬁ mmm@&my desd foalhied i Biske El{téif' le

and strength are created by vary t he geonetry in the vertical

di recti on Yfritiea °F‘F"|‘i§;th(sdé$lﬁ%ﬁdF1€‘t‘J‘le rsoft@m? the “BéllqtlélﬁF routside theawke isg sur f ace)
as wel | aspebR@dichar oz udtaceddft tﬁ'&f‘eiaﬁ%l {dst p% WHdeehide AR H@&mﬂa{}

conventional® designs the gap geonet ry In he verti cseﬂq %I rection remains
const ant  fthe magnetc chaygs depsity 44 dherravityowrfage raaChCSlJEanaxngmsuThamcavo shdaphe | evel
of the thr t Db Rg ead 36 of Figs.
6a and 6b.mti\sm¢1%y Fﬁ&ﬁbgg?&lgegmgﬂ@gtﬁ rlgaCE?l ?l\rdgcf)ﬁl Niich '8?5’ 5‘0I es 37 and
38 defi ne ragioni Byrdjusting tmshapqnfahacmavnbamlmdxeldstcm Becontdnaratedtid sodll t he
present inventi 2' netlc field profile and strength are controlled
by varyi ngreglﬂ'é g%“? éﬂgcﬁln Wt he vertical direction, 15 t hrough the use

of a generally elli mﬁomdgieugﬁémﬁréﬁeterﬁﬁneﬂlwm suffadel disrgd derditglinthe The head

56 incl udes flr% and s %F BIolgrjr 57 and, 5% with an ellipsoidal cavity 59
t her et we@i® OfffieP f’ll & Bragn e saace ghasgr igaihs fgser dherdield i i Yk dhedi st ance M
whi ch cor rspeiisrge & profortibmat ft thevanf of RXdisEUMnkity 8f EORGEHRLizAbs ON bel ow the
gap 59. Figs. 8a and 8b illustrate a head 60 i n accordance w th anot her

embodi nentcomponeyf neral jorthesBintacy. nense.i gspmetpips eh asfhatshevamia Figst 8zamlhi8band 62
have a Contiiéiflo & irkdt hibmed XhilaDh e BATy UaERTD SRR LPELARGUEE; The

cavity 64 has an elliptical shape at the Tower air Bearing su ce of the
head 60, wvinet nprmaditaithy sk Prapagatipeldieslions twisiincheasiog theanagaeticoharghol | ow ti p

definjsng a mini S %ﬁhﬁoﬁ?ﬁ% Mck?gﬁfpkﬁdn@ﬁ{me)’sQ{(&eﬁls ShEfostitne gap

corresponds to the 1on of nmaxl mum concen Ion
64. The 25rackusshdivy ncErgv@dThhmamnmfn fidhbinpdbelized\regiyn of 6w X 60nfi 2. 8a and

8b conpens tes f.or cin ot her ad ant age of war dl

cur veglTp val §m'i frl?"?%lée‘%‘g ﬁeﬁpﬁﬁ‘ﬂ"g}““‘iﬁ%r ?%é@'b&a?“&ﬁém 8 10 St%rﬁévﬁfnfw ”@"ge %a and

8b is to ithat FRGHIttiffe magnetl c surface charge Because the gap length is

negligibly snall t he rese cture can be saturated at

a smaller coil curréiﬂ(3 %ﬁlgﬁ‘?r ﬁﬂ’eééﬁﬂ/%{f@ﬁ%ﬁﬁ%ﬁmﬁ‘?eéﬁ?lp“maﬁ yoke.

30 The snedds@ived Béraﬁﬁseﬁﬁﬂtdtlﬁﬂﬁdn-lﬁﬁfeﬁn gdp éebﬁetﬁéﬂﬁﬁayl\ﬂeiﬁédlh&h@ﬁucﬁﬁal a smal | er

current val ue thgn t he rest of t oke. 3/ georret % can be chosen
ventlon dinal

such that Ftazding %Mé’fw%ﬁ eit PER: gmgnce over co 1 longitu recording

heads. Alternative embodiments include gaps having curved or faceted cavities of various

shapes. For example, the cavity may comprise a cylindrical hole having an axis
perpendicular to the air bearing surface. Alternatively, the axis of the cylindrical hole rhay be

25 parallel with the across-the-track direction of the head. The cross-sectional shapes of such
cylindrical holes may be circular, ovular, elliptical, triangular, square, rectangular, hexagonal,
octagonal, etc. The various non-uniform gap geometries of each opposing pole may be
symmetrical or asymmetrical, e.g., one pole may have a curved cavity and the other pole may
be flat or may have a cavity of different shape. Any gap cavity having contoured sides

30 adapted to concentrate at least a portion of the magnetic flux will be advantageous as

compared to conventional uniform gap longitudinal recording heads. This description and
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position of the pole cavity. As the current value is increased above the
saturation 0| nt, the yoke region around the cavity starts to saturate.
Before tot MOORS¥Tr ati on occurs this region is rel ati vaiGI/US8HA735nd t he
magnetic field outside the yoke is perpendicular to the surface of the
relatively soft pole material. As this region saturates, 5 the nmagnetic

char ge de nedcompatyingtfigurea thetefors provide enly exprds@ative examples ofthe mihepossible ave

shape u the along-the-track field
corrponent %%%eﬁégﬁg%ig{&?{léﬂsV%%tlf\fgﬁémi‘g%‘%%?t he shape of the cavity, the
fields can be concerﬂigsaﬂ‘@dandd01a8®ma¢ticallyﬂigstﬂte fabricationesesps €ormgakigdi um  The

magnetic fjelds,. e surface charge densj in the 10
cavity of 1% g““é‘%{ F“%““%“%%‘S@? g @LPF?%S@&%%QC@@ eRare aly Hedeh (he el d
is. Irmdtur Standahﬁeclﬁmquﬁﬁmefomhaij@mtlsectlpmlﬁ@ﬂluktﬁmﬂmIFCg 1o A9dne®ned Fighe

di scont i nui of IE %, S{ﬂ I zation, &1 onent nor mal to the surface.
Hence, geo fyapmaved from, portinm At the fiEst gud segond palgs Ghand 48 tp frpamt e a

| arger magesity 69C|Ii@6ﬁer @tmakB o @il gBe oaiaRinkNRadf ileYpredehd iRveRtiG) aver age
is nore normal to the flux prop ion direction, thus increasing the
nmagnet i c cFREVgRionalprocesspfor é@laélVé%élC@tWé-aﬂ?%Rdlﬁi}léml headrep hensedv@hsus t he
di stance a e o Lielgdin a

| ocal i zed rﬁlgtgd?grﬁlgﬁgth Eénf?nﬁl;ldgglrsl nmg%g sg&l{g fera% yyl ng SEWédE?ﬁPsérgbpr oxi mately
13, 408De, s;lwmeaﬁcmdpangA@@se&ommpagélr@dmoteyeaf Withrae50 ninh diam2E0@an bé i nt .

Al t hough ggper r

primarily é;%le%gés% H)% ééwﬁﬁ’[é’%“ﬁ%hﬁ era th%%hg%hn ﬁ‘ﬂﬂagg@’[ﬁé 2égsa&io"g%onet ries
may be usedigi hOH. oAgcrnatdmkyathe cnremtorhdlerugn bedafmed at thmmfe«vlevdi hailthoyghraf or mance

over conventional | ongituydin he er nat.ive enbodi nents
"ol ude o aBeel] rnRRE b BP e ARy Fik 365, s oiyFY SR Sy e For
exanpl e, t hay beudet ywhichysuffiofeptly &ﬁc@tl%ék the Giiaigfidtic fluR lgenchued ByGhehead 66 S

per pendi cu t he, ai régl S‘I‘I n sur f acE pAI ternatively, the axis of the

|
cyl i ntfticaft qr‘i‘lﬂgg tfeyidis 0 q sepong; nojes %énda@rﬁgéh"mé’spi"%ﬁq‘@] Ylection of

the head. Fjg RaQ88 106 Ghd O3 Ima§ ARAASIvely IRvWEHifferedd widlsi cal hol es may be
circular, ovular, el I tical, ftriangular quare rect angul ar, hexagonal ,

octagonal , etc. The Puefemresmethass of riusachirpg s loneimding! jhead regording Bapopsssi ng
pol e may b foh ae cg&xrmpg fch 1 curved
cavity and t e {OH'[J ° q‘(i)élue n%y e%glfd%lg?t 9 grghggdgl%gmg{g ra?@ym*&a%ﬁﬁl‘er ent
shape. Anylithagrapiay thltil fb@mdngn b@mdmprequchsﬂgcmglgmswgmre@ Ao exorpleofta at e at

| east po f e ared to
convezqal ong Ch%ﬁl o?e%nagdé%aﬁgﬁgnﬁ%ﬂ%&#gﬁ ﬂr%clgllrg ?tgdsmheézlq %ﬁ‘“@g‘%“h@?pt I on
and ions of liquid metals, for example gallium, are focused onto the bottom surface of the first

and second poles 67 and 68 to etch the cavity 69. During the process, ions are generated
by an ion source 74, passing through a suppressor 76. The ions then proceed through an
extractor and spray aperture 78, which begins the focusing process. Next, the ions pass

25 through at least one lens 80, thereby continuing to focus the ions. A stigmator 82 is placed
after the first group of lenses 80. The ions then pass through any one of a plurality of
limiting apertures 84, which may be selected to further narrow the ion beam. After exiting
the aperture 84, the ions pass through a blanking deflector 86, blanking aperture 88 and
deflection assembly 90. Lastly, the ions pass through at least one additional lens 80 before

30 striking the bottom surface of the first and second poles 67 and 68 to etch the cavity 69.

-9-



-8 1 7 MAR 2004 WO 01/ 26097 PCTI USO0/ 27356 acconpanyi ng figures thﬁrgfﬂéfgmﬂk
provide only representative exanples of the nany possible gap geo

not an inc{gdshM&es i St of all that will work. Figs. 10a

schematically ﬁ’?ust rate fabrication steps for mnaking apad}?{@?{‘gﬁ?sﬂdi nal
recordi ng head 66. First and second poles 67 and 68 are initially made by

5 standard techniqu 2 form adj acent sections, as illustrated in Fig.
10a. As shown in Fi 3;5 db? PhptgriFrograph of thebrstompr Al bewringrsirfassofar the fir st

and secondloagxhﬂﬁlaﬁiec&ﬂﬂlg%d ShdvfidT Aon-Ed¥ink YonBSve ghp (dRpieRE b% the TR G)

non-uni form gap | ongi tudi nal heads of the present inventio conventi onal

processes P%Weanﬁrﬁ‘i a&ﬂ [S§FORGPRIgSCR @ﬁd’zé’f thssefording head. Thm@rsm@le srthde used.
The Initi Rhaigpoik oAd e £ehi B6e m? Ei3iLhE FES ol o ' Rlehahlly be close

or equal to zero, as cul ar
hole, %.g . ellipjoidal ia Sbﬂpemﬁhoh langsh eflSOGmmbﬂeuredaﬂhnddngjmemgclt hnnzsmal i on beam

et chi ng f F8; ctll;\ﬁ;llalklg ﬁeqrvél&g 0? J S &eésﬁ‘rBegel? }hﬁég%%?ﬁllm H%Ck\/%)f (%ite}ll()b'

Al ternatively, i réular e can evel .
Al t hough adirgreioreindfigy12hend a;ﬂépehofc%b noaniéatyred® a vertichl dj&tﬂi(aipbfbehdlcﬁhlg 10b,

any ot her {table cavi e ..y be used ich sufficje

concent r at gogu“f ﬁél’??é‘aﬁé?f&% ©f Pﬂgnﬁlélﬁ%(g%#gﬁs BY “P#elmﬁ‘é%? ag%ew R‘AP%/%%Qh t he
wi dt hs of tnhauifonmey @pdalgemmnmé etsmﬁ:?amdsoﬁﬁ aBéue 36 awiithse g equal in
Fi gs., 10a %&J éﬂ oI es gferr naf i veI have different w dths.

Pref el ed hti® aB?“t EH“aE‘E ?IBFIB‘?“EG%I o ARPUtA3 8™ ecor di ng gap of
the present invent luannin@alnaﬁtamf&ﬁ.tgasol:gomc&}e&mad dy eﬁ&ea&b@mb%ﬁlforﬁi ectron
l'i t hography and optical _|ithography, focused ion beam direct etching

bei ng nost 8396 df %‘}nﬁ’@ﬂmn%ﬁméﬁé\’%‘!rés EIPVIQCSZGVBF%GQP@E@%SOﬁhbémftﬂlm’vé@tonet chi ng
apparatus &gedqs tﬂe'ﬂlghsaeafnyﬁﬂtenﬁal onvéction T ik difh i W68 8Gient BPS 01 1 aui d

metal s, for exanple gal are ocuse ottoms e of the
first andfesogrdoponierneiolaeayitgdiniike &t ovo-dimensienal gap sBG .in Bavemignalhe

o B sor W0l RaORARA R o s ShL Sl nnlr Sl R g 82,
aperture 78&rengths aid frefiies gemhedfbgchzsnecngdlpg hend s The hisnctiniforgap gevdnepgss 25

t hrough at eas one cont i nui
sti gmat or sipeti iy @apnelea P as et e B BS B DB G ¢ hen
pass thr ouuiaala;ay ﬁaaemaﬁe dislptegion Iumuey mtefgap | This 56106 tROSIOBILIMRT cfventibich may

be selected to further. narrqw the i0 am After exiting the aperture

84, the i 088 perdsinWHER YR trackyvidids ngtabw Be gy length. GPSARYCAY aperture 88
and  gpf| efo&xgmm&%ming nedds lﬁeaﬁ;owmg H‘Jé%résé}ﬁﬁoxp@ﬁﬁ)r& UaR palisdggpst one

additional lens 80 before 30 striking the bottom surface of the first and
second pol densigips wellbeygnd HEhitint, wén’@am maxirgwn dengity achievable with

conventional ring heads is approximately 30 Gbit/in®>. Another advantage of the present
invention is that the longitudinal recording head does not require a major change of current
fabrication processes or the introduction of new electronics.

25 Whereas particular embodiments of this invention have been described above:
for purposes of illustration, it will be evident to those skilled in the art that numerous
variations of the details of the present invention may be made without departing from the

invention as defined in the appended claims.
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1 7 MAR 2004 WD 01/26097 PCT/ US0O0/ 27356 Fig. 12 is a photom crogr aah R&
the bottomor air bearing surface of a |ongitudinal recording heh ,M 2004
showi ng a non-uni form concave gap (depicted by the arrow G between first
and second poles P1 and P2 of the recording head. The first .pole Pl is the
| eadi ng RAlfyip@Nd the second pole P2 is the trailing pole. The concave gap
is generally 5°ellipsoidal in shape with a length of 180 nm neasured in

t he al ong- § h&léngitulinabretarditgalead (12) €6itiise Wvidhh hihhetié Zecopditi HeBiu (21%9'),0 nm
measured in thﬁ across-the-track horizontal directionin Fig. 12, and a
depth of 250MAMANEHYCInRIFECqrding hoad (220 spmprisiegt i on perpendicular to the air
beari ng surface. | LA ifal e used in accordance wth the
present inventi o\r?,n t ngfgéo&g?}ggﬁl(gﬂ%gzeaﬂpengt hs of from about 50 to about
300 nm widths of ancpruniformbigapcomfrising abavity (38Pdéfined dpdhaiept sl of from
about 50 to about 50?0 guﬁ Defining a non-uniformgap, e.g., a curved
cavity, insteggﬁongfp q§é Z-or m gaps in conventional ring structures

provi des several advantages. The present invention extends the high
density potential of conventional |ongitudinal wite head designs by

form ng a Aohlensithdingd gedrdingdend (22) aedordieg tth€laimd; whemeisthenatitygap slits in
conventi onali H;}rvggsi gns. The contoured gap region allows for nore flexible
control of tRe& magnetic field strengths and profiles generated by the
recordi ng head. The non-uni form gap geonetry allows the magnetic flux to
concentrate in the gap region, thus causing relatively strong and

| ocal i zed -i‘%ﬂ?i’sgltpﬁmﬁmcﬁg@lg head)(22) agaoading ihelaijag, Wirttein thorcadty t he probl em
of conventi qpaljindiici@ heads in which the track width is linmted by the gap
| engt h. Consequently, 20 |ongitudinal recording heads incorporating the
present non-uni form gaps can be used at densities well beyond 100

Ghit/in2, [Le the Xi mym density achievable with conventional ring

heads is a%@?b)%gﬁﬁg@la © nH’(%S’F?‘?QtZ A9GRBIAE FO Glaim e wherewrthe pavityy esent

I nvention I %olﬁb?{fsestahﬁxblsﬁﬂﬁlélh’-’éiliﬁk%ida[ Sﬁﬂﬂk@ﬁﬁﬁﬁ%ﬂﬁé@es not require a ngjor
e intr

change of curreéent fabricati'on processes or t oduction of new
el ectronics. 25 Wiereas particul ar enbodi nents of this invention have been

descri bed abpye .for purpgses of Jj.llustration,.it will.be evident to those
skilled i ngl't‘%"“%t{‘&%ld?“ﬁg%i’%‘idsz&?‘i"é‘i‘?%k?sa%’w‘mf‘h%ﬁ&"a‘ﬁ? £2%¥ t he present
invention maympeiseRdteadd érﬁquwame)pa{rbém@am (6am t he i1nvention as defined in

t he appended clains. -10 17 MAR 2004 W claim 1. A longitudinal recording

head (22) for use with a magnetic recordi ng nedium (16),
6. A longitudinal recording head (22) according to Claim 1, wherein the cavity

has a length from substantially 50 to about 300 nm, a width from substantially 50
to about 300 nm, and a depth from substantially 50 to about 500 nm.

7. A method of making a gap (54) between first and second poles (51, 52) of a
longitudinal recording head (22) for use with a magnetic recording medium (16),
the method comprising the steps of:

providing first and second adjacent poles (51, 52); and
creating a cavity forming a gap between the first and second poles (51,
52).
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t he | ongi tudi nal recording head (22) conprising: first and second Fﬁ@ 2004
(51, 52); and a non-uniformgap conprising a cavity (54) defined %70

first and second poles (51, 52). 2. A longitudinal recording head (22)
according to Caim1, wherein the cavity 1is curved. 3. A longitudina

di .di NG~ im2l1, wherein th ity |
oy i oo P b RESREEL ke 7 bkl eSSy B s hed e ai m 1,
wher ei n_t he remeving maie fionest 1eass oikséfand fissk hivd &cbadpslbd@l, 92). heni spheri cal

shape. 5. A longitudinal recording head (22) according to Claim4, wherein
the cavity conprises at |least one inwardly curved wall (64). 6. A

| ongi t udi n@lTHSA8H84 (@2)m 8C | : 1, wherein the cavity
has a | ength ferom su stO anl??%ol (?13})]%8 \?g&g’bo%g?att@ég] cﬁ{fnl]@éa\%o [?‘}FS*’?%}ﬁmg

subst ant i al Ifpcised beam diveettetcB@F. nm and a depth from substantially 50 to
about 500 nm 7. A nethod of meking a gap (54) between first and second
poles (51, 52) of a longitudinal recording head (22) for use with a
MAgNet| C 1 £0.0f HelHbdHBELie (d Blaim 1409, %E&Qﬂthegw%ié'c ghe steps of:
providing first and second adj acent poles (51, 52); ang Creating a cavity

formng a gap between the first and second poles (51, 52). 1 7 MAR 2004 8.

The net hod, accor.di to.Claim7 erein creating a cavity is . acconplished
by renovi%gAﬁae%??%?“?@%ﬁ?%?ﬁwgﬁﬁﬁW@ﬂ@"b efﬁ@h@ Pngg%ﬁméﬁ@Bﬁagboles (51
52). 9. The nrilipicidabsrdentipheriédskdpai m 7, wherein creating a cavity is
acconplished using focused beamdirect etching. 10. A method according to
Caim7 to 9, wherein the cavity is curved. 11. A nethod according to

Claim 10, wherein the cavity conprises a substantially ellipsoidal or
hem spheri cal shape.
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