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[err] Abstract: A longitudinal recording head (50, 56, 60) forlusdAR 2004
wi th magnetic recording nedia includes a non-uniformgap (54, 59, 64)
between first (51, 57, 61) and second nagnetic (52, 58, 62) poles which

f ocuses nagfsdihgeeh! UX onto a small area of the magnetic 61‘?!?%5/?75&9 medi um
The non-uniformgap is preferably in the formof a cavi t a

contoured to produce thiﬁﬁém fl ux attern Lonql t udi nal recording

heads i ncorporating the RDING i nproved recording
densities. 1 7 MAR 200HENBSOWITH fﬂs@éPSO\lG TUDI NAL MAGNETI C
RECORDI NG HEADS W TH VARI ABLE- LENGT H GAPS CROSS— REFERENCE TO RELATED
APPLI CATI ON Thi s appl iCROSSSREF ' A WE LIdAwiosd St at es

Provi sional Patent 5 Appl i cation Serl al No.. 60/ 157 883, filed Cctober 5,
1999. FIELD OF THE MKisEhplioatibrdidims ihebenfit of Uit Staes Prévisim@nRide recor di ng
heads, ¢ and S to,t -filmlongitudi nal recording
heads Tor S’rg%‘Pnger‘aafH% dﬁ%g ek g?‘f"ga CoReRSKEIFAUND | NFORMATI ON 10 Magnet i c
hard di sk dr| ves incorporating |ongi tudi nal recordi ng heads are well
known. However, conventi onal N ng heads suffer fromthe

di sadvantage that at high recording densities, e.g., exceeding 40
Ghit/in2, the trackThisdevenfian relatsh ot agabtic deem@'eg h¢ads, pad trioce padticuladly} r ack

wi dt h cann E\@P%P track width plus
two tinmes aégg%gﬁllf' g’ﬁl h}eg?{ﬁﬂglhéa% fa r?cofé'l?ga‘it hgﬁ‘adlg’ésétlﬁst s from 15 side
fringi ng magnetic f|eI ds which spread at a di stance on t he order of the
gap length from the both tracBACKGR p N : Decr-easing the gap

| ength should reduce this characteri stlc Si de ‘ ri n| ng regi on. However,
as th¥ gap | ength | Mageeticdarddisk drives wneqjpeseting lofgitding reqordingheadsgiron of

recording elksbvl. AGvdvBE chbivdftfondl 1Bngdth&ifal T& IS healuriEX IR R At 2

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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50 nmgap | ength, the maxi numin-plane field conponent at a 10 nm fll LiMAR 2004
hei ght is less 20 than 10,000 Qe, assum ng a high nonent (4nM - 20 kG

pole tip 1h@de7i s used. This field is not sufficient to record
transitions clear enough for such high densities. At sU&HFUS¥3P6densities
recording media are expected to have dynam c coercivity above 5,000 Ce,

and approx WO ti t he ercivity is required to record
suf ficient I fi" Hﬁ#é{i‘“e%‘rﬂé E’Pt ' Bﬁfgﬁleﬁ‘ﬁ@%? ds aPPFFE‘P’éa“?llél%P IR o ASSUFTIRG 4 n

decr easi ng 2t1hlﬁt GHp the@gidfum Zx'éalﬁa@su md@anqnfefaclﬁafehﬁ@a%ﬁxtokﬂxﬁtélﬁ% @ﬁﬁ@? that
the smal | est gap Ier{gth at whic maxi mum ar eal density can be

achi eved using a convenPaemae: P&ﬁbp?ju@lcr?&im ‘?IMFﬁzﬁm@m@favcordmngaﬂruct ure
i's approxi ahel pinchd aek 84i@ t can be
achieved is a pﬁrh(l)m rrgg{p evlvy 510 r:nfoimd&cg%ldgmr#r%%ﬁ?%&é%ld%‘arg 10naccount
20 perTent Whiletherdisghgsed pipghed\@rpdesize 09y réd0H w&mﬁg 56ld$, alte ﬁdns m itheC k

m sregi str teI Q. rim

Assum ng a%%l{’ffg]g}m{ﬂ?e 033{6%&1?%%81%&%& rgsﬁﬁ%ﬁd@ﬁ? | ﬂé co{da‘ﬂlglﬂéh achi eved

i s approxi resreViyy %ediGh Furthenforel thSpinbleetigap désign 15e7ﬁ2ﬁlﬁl53515itﬂe towde di scl oses
a magnetic ‘ggé:ngrdl ng head with a pinched gap which is, said to reduce

si de frlnglng nagnetlc fields in the gap region. 5 VM|Ie t he di scl osed

pi nched gap design riEy preseitdievestionehas bden gevepéd @l vitw oftthefoldgBingd Sardio t he
are_al teduced significantly, resulting in the inability to

track eg|

recor ﬁ‘i?ddﬁss 0818555’1"\‘?:“?‘&8%%(90 '@llrt hernore, the pinched gap design is
extrerrel y sensitive to wite currents. The present invention has been
devel oped in view of the forSidMARY ORCHBINVENHON ess ot her deficiencies
of the prior art. SUMVARY OF THE | NVENTI ON The present invention provides
a non-uni form or COfﬁlﬁlpte&dlt@sznthﬁtpYﬁﬁﬂtsﬁinbeﬁmfoﬁrﬁ@r semeunel §plvesvest firt
Iongltudlnal ap. all o the magnetic field strength
and profil & (ch ﬁ)eﬁgfﬁfqnéﬁ’l F%?g?faﬂﬁé‘faa h@lﬂga%éf?g‘@ﬁ?er’&?%“‘t% dmagneti c
flux in 15skdbgthGmp picdé @rbe cOhticIRY in DPEialre? KHicH B ates HehdfeR fRixtier eby
generﬂ{ed in the magnetic recordi n? regi on under the@gm The use of the
presef noMCEAP FEHR g%ﬁ?n% logalized magnefi; fielis,are dieschy seneratesbin shesmagmatipe
densities mbﬂdengafﬁgbﬂhmrmaegaﬁe?ﬁé&bfoythgfpreaa%h&agﬁfﬁgﬁﬁggrg hcantl}r]s

nodi fications to conventi onal i tudi nal recor esi g
increases 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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An aspect of the present invention is to provide a |ongitudinal rlegoMARij)U‘t
head 20 for use wth a nagnetic recording nedium the |ongitudinal ‘
recordi ng Regeie@aprising first and second pol es, and %Wﬁly,gggorm gap
defined by the first and second pol es. Anot her aspect o e present
invention is to provide a nethod of making a gap between first and second

adiom  Thdneohed PR BEE AR IEERe bRl Sy o Br R pediaed g

adj acent 23nagodtisdieldain dhecmagntiinsgoragecmedidny. bet ween the first and second

poles. A further as of. t.he prese invention is,to provide a method of
storing data on a pn@%%]ee ] é’Ehsef 8&5%%0%%?8%” BRItV Hike rﬁ‘ﬁ& PPRFEERL fTAB St eps
of provi di nige follawging tiescription. per meabl e first and second pol es defining a gap
t her ebet ween, providing a magnetic storage nedi um adj acent the first and

second.pol es, and conceaéwmﬁ_igﬁm4 WO 01/ 26097

PCTI U 27356 fl ux bet inthe vicinity of

the gap to produce & li.ze etic field in. the. netj c storage
medi um These and o?ﬁé’%ggﬁgc?lgwg’? 9?’1%’“‘ “r°8’£8&%‘ihﬂr§9'é€§‘i‘g%ﬁf%whchﬂ@ nor e
appar ent f pessent tilventionl thayieruged) i tratfugitioendiskair BRW i®hsieRhGkifeoffon THE
DRAWNGS Fig. 1.is a top view of a typical conputer hard disk drive for
whi ch the r%P(é‘?g'nt i nvention may be used, illustrating the disk drive with

its upper housing piiDR apraﬂﬁnyﬁﬁiemﬁicg)ott&nivi‘ew%fl%%ﬁwie%iiédél RARERL ¢ bottom

Vi ew E{) a conventional 1ongitudinal 10 recording head having a uniform
g

gap. . deqording head having 3, UNOFB#AR-i ¢ bott om vi ew of a conventi onal

| ongi tudinal  recor dipch agdniiny bmiic AN AR Bhldc Bndybls. Fi o
4 is a partially schematic bottomview of a |ongitudinal recordi ng head

i ncl udi ng acoquhngivad bavingmpniformighpe with side gfields. cavity in accordance with an

enbodi nent of 15t p o J L Qine D gl .gr.aph_of .. netic
field strength acr o@g'tﬁgaﬁg{&%wgm&%ﬁgﬁggﬂl%gﬁvogﬁﬁ?%ﬁtg‘#&ﬁﬁ?ﬁpf)?%ﬁ%
recordi ng hehdléngambnainifom gapi ifi Grerfogapf 7 eavidy th accprizmaelwith an embodiment of

15 the present invention.

Fig. 5 is a graph of magnetic field strength across the track width for
conventional uniform-gap recording heads and a non-uniform gap recording head in
accordance with an embodiment of the present invention.

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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accordance with an enbodi ment of the present invention. Figs. 6a &nd MAR 2004
are partially schematic side and bottom views, respectively, 20 of a
conventi onglodiegwy t udi nal recordi ng head having a unif opdpgiaiands 9. 72
and 7b are partially schematic side and bottom vi ews, respectively, of a
| ongi tudi nal recording head having a non-uniformgap in the formof an

el lipsoidal cavity g; ] | f.. the. present

i nvention. Figs. 8a Fé%dqgﬁagﬁggggrp}tﬁ%tgh gaﬂgrgﬁgqn% %%ﬁwgéuué{i%mgot tom vi ews,

r espect i velfapricatipg stgps for prodyéingial norednifony gapdinadortpitadindl asdortingchead®fir uni f or m
gap in the f ' | i psoi.dal .cavity having inwardly curved
sidewal | s F%]cggdc%%rwgln%g&%o? h&eé%%fﬁ%ee‘?rgsgﬂtﬂgvcfpﬂ%rht of the present invention.
Fig. 9 is a graph ofFigreldriet partifliyeschbnsitic 6ia€idatiGal Gew of M eochdeatdn bt h for a
| ongi t#gi n%l recordi ng head aviqr;ig a gon-uni form_gag in accordance with an
embodi frent “r%6 CGRINE A St ORRRAYFR 3 19REiudngl recqpiing besd An gecoance gty

PCT/ US00/ 273 afibddigént o fhe peddcht if¥entdne partially schematic bottom vi ews

illustrating fabrication steps for producing a non-uniformgap in a
| ongi t udi nal r ecor difii§ dh@Phaiomisrogpl ata longiudinabiscesing b udisfg & he

present i NygMfiifim g%g%ma%orin&)fa cR@fy itk s GHRHRIds Gn §éc&%aﬁcg%&%ﬂa' view of
a focused ion beam di rect etching apparatus used to produce a
| ongi t udi n&Mmbedimert @f Hig PFRSER ivientitBeor dance with an enbodi nent of the

present invention. Fig. 12 is a photom crograph of a |ongitudinal

recor gg ng head including a noggqrg!'ﬂmmggmpmyhe formof a cavity

between the pole heads in accordance wth an enbodi ment of the present

i nvention. 10 DETA L3R iesidR! iEzrésgiﬂ,e:m?re_udﬁx@mﬁreéenﬂysw%%dﬁmﬁaln relation
a

to presently known | ongitudinal recording heads used with a hard disk
drive 10 f &cordinghadsrused witka Bardisk drive 10 for compuiess.cae pfiwhirh i, illustratad inysed

herein, "r rdi . m?;glg t ite

oper at i ons?fg’(i)'ﬁ'e Aﬁglrstgjtﬁgéggﬂ’ ri v(gﬁgl%b%?ﬂc u gsh g%h idg%tg(li ﬁ’g%f‘gqg‘é/mg{ Y{H{ehe upper
portion re ma;'d)_n&-S Thabhard disk Hovel0 ipdudes o honsing 12 (with thetupper portiw rémevedaxi mum
clari iy ) d LA 1oWLE goﬁigﬁi vﬁ%ﬂef ih S{ %gw for maximum clarity) dimensioned and configured

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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to contain and | ocate the various conponents of the disk drive 10. "¥Fife MAR 204
disk drive 10 includes a spindle notor 14 for rotating at |east one

magneti c s{yefof9@ey€di um 16 within the housing, in thi gnetic

disk. At least one arm 18 is contained within the housﬁ,ngﬁ]%@z%sgfth each

arm 18 having a first end 20 with a longitudinal recording head 22, and a

20 second ﬁ‘d}g 24 i vat al Ig% nounted to a.b arlgri% 26. An actuator m)tor 28,
such as a denpiy Withip peiglioorigg seetions c prpgits, 1q prsmpllen, ghezgbyond end 24,

pi voting tpemating 4 Grehter R@SHet bﬂ?ackbﬁlthlﬂﬁﬂﬁkZ&d(al{&f/méthq%%krtfﬁoéem or of the
di sk 16. The_actuator potor 28 i s regul ated controller which is not

shown, andadgifionsl ipformation. \Addifiqnaliyy ?‘tnFWé‘a'il@ %%%Ww%@dmbynly dreatackhg the
di sk 16 reh@écﬂ%’ Belb® tﬁ@ﬁ&fx@nh?geda%%lﬁ%emgtl:’th§&lre%§( dExQ %ﬂ%@&kg gad 22 is
| ocat ed above the appr opriate sectors of tracks on t eadi ng
from thhe dbsachiegedaa lowenpasiavels h%léﬁr@nvﬁbrcou@mnagmgm nsmalchmxdmﬂz or
wth a se [f th

i ndi vi dual %n‘%gstﬁg%“?‘?%% tgﬁg@eg}?g %} leR’%i()se }:/)\A‘; éerglgh&)&a&%@mb? Wlaﬂlef 1gally

magnet i ¢ | barder (advetathighdi edercivdty) aVrthdsamg powettleel.nagneti ¢ st orage nedi um

hei ghbor  ng 1 ocat | oL I sl e dine Tnk S béving s e
desired sepdléscBl anfl 32 defiminga mﬁfolna gﬁp B4 msm\mgm ‘Flg."21 The MAR34 Ritka Mo/ 26097

PCT/ U00/ 27356 f| ux densi t nei ring sections, permts the
track® to 15881 feAcrass ¢ ef%%%@% erRfi S8 eﬁtﬁg%l’pﬁ?aé%f"élreq‘f&‘ﬂﬁ)élﬂe ingingacks

wi thin a digls geﬁadtealb&@w d&ﬂvénh@mdhe%h 30 0f BigO & to @féﬁltbfsid@@lﬂémé ﬁftﬁé g%t ion.
Additionally, concentrating the flux density within only the track

directly bEBSH #rdovRELFig; hgThehead 49 ofifig) 3 preludgstfirstigad sespnd palesdidedsi ty
wi thin thegs GJREK difehe a5g ?m ﬁﬁhha@‘é‘iﬁhf@ﬁfn Rt VSkrdl pﬁﬁ@&a&ﬁﬁlh wA & nativel y,

concentrat i n(% lux w | I ncrease sity at the same
power | eveshie @Sh"élaélb@' @wﬁptomdn@aqoqsmwé Biththeyside higldsi4pa athéGhbe the( have a

hi gheys COGH&%n‘éh%(g%a%@%s%E?lo@% \ﬂ@ghlélgé{ﬁl %mrﬁ‘ R Q:tdh@{if aﬂggrnifeﬁh nal

recording ri aV|ng ond po n|ng a
uni form gafel@t is shown in Fig. 2. The gap 34 has a uniform 10 length L

across the track w u t ed oa rr Ci si de
fringing fields geng‘F gﬁﬁ%df "3{} fﬂ*‘e‘gﬁ?%iv&%ﬁa@ﬁéqunﬁ%a‘e@e}t3’%@5@%z is to
creat e si damphies)|fosthe fegulae aginghe stigg@iddieadsakovahiaVitigsi D afd 8 at Be sablirgtidhead 40 of
Fig. 3 includes first and_secon gol es 41 s@%aﬁ% ich define a gap 44

that has aPQRiFHMOMREMGi8n o1 IR 58 seep fat plihon rigging;figlds 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
-5- ‘



shi el ds 46a and 46b are provided across the gap 44. Wth the side fsifi MARs2004
46a and 46b, the 15 nagnetic flux tends to flow through the shiel ded
regions, t educing the side fringing fields. In- ne fields,

cal cul at edb‘gistﬁ}%gwg 3D boundary el enent field solver, 2136 6r t he
regul ar and the shiel ded heads shown in Figs. 2 and 3 at the saturation
point are in Fig. 5. Jt can _be seen that although the side fringing
fields ar ea‘gg’\gf’@%‘gga%g?‘%n e F?e‘g?jfaf‘s‘r‘h%ia&g“é%ga‘tt Hx P'inelrrgélowwhf%h&thack

regi on ar esdt sidesbefdvccirsiopniThe eapidiy flux RhAMERY fr&td tﬂeﬁﬁ? 'ic%iid?ngs Biarelrgn
coercivity nmedia. The cause of this significant reduction is t%e

exi st ence” Batiyely spallsrssultingdn relatively sl reording figlds. Taigibesomepadriticativant age of
the pi nchegroBRm Of rezbdfigSbhigh defRi.gn shown in Fig. 3 is that the pinched
gap has an abrupt or discontinuous reduction to zero of the gap length at

25 thed sides. As a ri@gyseof aneausiferm gahiinadcgndance withkieoweseticinveatien pr obl ens

of extrene RN | I i Ss00n as the wite current
reaches t hée%@g%u%“gsg :CItol%caE/ Oﬁfg{,ng t% ﬁ‘%h%i eéaﬁgf) é?ﬁiormb idl légveéya‘f?nﬂﬁlﬁ’ﬂﬁt ically
saturate. #egoss theegapl tA prefesngd gondigiumtion priowidesi adgep hivengparearpiag fedgihcal |y  hard,
which in t t ecphnched gap.turns jnto a reqular ga

ef fecti vel %n{rﬁrg%? osh gl%ytratﬁgg ﬁ'gcthi A uf/&srg?‘{cggrf ﬁé@e. &“Fh’éers%? V’&?‘{ PR g?i’ke
advant age ofifdrneapi untikethe gbynptwhiett reitictibs infe HRE SBiBKohRbuKRBR skdMf iWr i t e
curre ex ct%y @t a valugg&ust before saturatiaon takeslflace whi ch puts
very Sbrin§Bnd: 3% mMAERRLGHIUX dhcqurcntrgieiin the cegionapdertBegapo As yspbhasein, dr awback
of -5 1 7 MARROGMNWRIGHH gﬁe&zlla@gaymga?aa&@ P @nith ﬁﬁ@gpleal%ﬁ isdrﬁﬁi gn is
due to the fact that a significant flux anount flows throught the soft

si des bef of@staaieitheralong therdimensignstastthe frack arplong therfimensiompetpendicutar te gi on

i s* ther ef ofR bofidth 8t il Bla¥ing SBtdce. resulting in relatively small recording
fields. This becones a critical problemfor recording at high densities.
5 The use of a non- (Yiilf e pregrapnenunifoun gafndesignivfiehthe lsidepsassaatthé nvent i on
resol yges t CEhk b I Qﬁ&?ﬂ -uni f.orm LS
reIat#felygg n??ﬁ%@%gﬁhggfgggggﬁh gap.ﬁiﬁgggﬂgﬁgggagéﬁﬁ#%ﬁ§ﬁ?é%ﬂh%rovides
a gap havi regioa underythengppl diigisimpe df te gap cmtrels thefecusing effeca.c s aesah, thawt i nuous

reduction in the.thickne r.ovi ded a non-. uni form . unli ke the
oraet ' on sig'sPiihy SR SO LRS, desdle BRGauizhor St PR neliMtriveesn 50
Fig. 3, altaws teefyxabhenirition it he@apaghidat & dn'eadyuxeepagatiod Meteaghithe gap.

As used herein, . . s .
non-uniform gap sides. After the sides saturate, the field is enhanced in the gap region due

20 to the focusing effect by the effective magnetic charges formed on the inner sides of the gap
during 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

-6 -



the term "non-uni form gap” includes gap configurations for which hfﬁﬁ?mﬂll
|l ength is not constant either along the dinension across the track i
al ong the ghpseson perpendicular to the bottomor ai ' surface.
Wth the present non-uniform gap design, after the si dégp@gqo}&?g?e, the 15
magneti c charges on the inner sides of the gap effectively focus the

recording field in t regi on under ap. .The shape of the gap

control s t%ué)ngé%wg?entg&gf F'é(:’ts&ml%r g'a? éé‘ﬂﬁ(,ge’taﬁél?oéy“ 1??‘5%' s momAigy o the
saturati ons tuan bodeen Baf Ohiead 5hes sovdiRFigOn with 480 9m dikifetér ietHabioef €ases  due
to the fl u%fcpncenti;?v'%on ILn the gap regiogn due to an easy fl ux

propagat i off"P'HBSUH .hoﬁﬁﬁf”iﬁ’ﬁﬁ? Ty Sodicanty smapler ghanan S0 sidessk sat ur at e,
the field wRtCHHEABEBHthe @%di%ngaﬁvéx@ighﬂ Ringl U&1dschiBed dbBve) Ohish RGuffpleEct by
the effective magnetic charges formed on the i nner  si dés of the gap
during t hefos Xery highj reepreing densisies, gigy, srepter|thandOpP Sbiskn’ araabdegbitnudi nal r ecor di ng

head 50 having a noﬁi%@%@%mBﬁr‘ff&r&l%@%%??ﬁ%rﬁyetﬂ?es@ﬁ ig“%@ i ment of the

present invention. The 50 includes secon és 51 and 52
whi ch ar e dnsdeblofieldprpida 4ndsirengtipare msatpd by vaxyieg ihelgap geonfetrasn hie Ferticl5 FeAlLN,

FeTaN, CoF . . . l.indrical. or hem spheri cal
cavity sae S hofn BeBMaRERE Buddn 0 QiR sl SR SRE 627 11
di mensi on drizbnthlhbirecticyilt shobld be avted thasinrcomentiduel designdchspat ftoMétryihe cavity

54 thus define non- uni f orm ga bet ween 't I rst and second_ pol es 51
ond o Srbe Rebrd e et Bin s oy sORAET R bf Ge ot ik ptre BRRSood | n
t he regi onthe@veingehdiroatieigh€ad illusakd by e Bonéntlondl hefl 38l FFig! 60H@H. i N 30
magni tuden}‘hgjgwt he field enanat i,rr:g? from an equi val ent conventional ring
head. \When”s $homginFies. 6230d ORothe G Ak 3¢ polseabans P8 dsBuga wniformgap 39, s
capabl e of generati ffacéeidnce ith ar eMPERIREH b M%&%%ﬁ%%ﬁioﬁ%é Hiaberig 7 356

strong in-plane fields, e.g., stronger than 0 Ce, as shown in Fig. 5.
Al so, froniig grofileandstrength a5e cenitoted byararying g gabGeigs il wertical dispgiiond with a

(51 anct i cagt on U ARFBRR el ofpldll AorBe) RSl ke b o OPfHad” °0 O
equi val ent Scimpludastiirgraad secomipdiesHd aokd SE with emleltibroide)) cavinhd T theiebetwesnt abl e 5

for very high.recardi ities,.e. g, I el, t.han 100 i t/in2 areal
density. l?ll%a%ﬁ 3?@%‘;@@%’ gbte%%gespar ere) ) k§ sgaglﬁe M g TP ‘%ﬁse‘é’éfh%

I nvent i on, locali®aiof mbkhufnwihixcbomenfrétioﬁrbralﬁd tﬁdgaprsg{rﬁn;rg created by varying
the gap geometry i nF}gQ.e 8ava%Elt8i) ?lﬁllstrate a head 60 in accordance with another embodiment
20 of the present invention. First and second poles 61 and 62 have a contoured cavity 64
forming a non-uniform gap therebetween. The cavity 64 has an elliptical 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 -



direction of the ring (perpendicular to the bottomor air bearing 4uf fMAR 2004
as well as the horizontal direction. It should be noted that in

conventi ong i-gns the gap geonetry in 10 the vertical, di tion remains
const ant frg&gﬁéggl evel of the bottomor air bearing S%FF&E@%?36 t he | evel

of the throat height, as illustrated by the conventional head 36 of Figs.

6a and 6b.__As .shown in Figs. 6a.and 6b, the first and second poles 37 and
38 det i ne et oF raethetene e poSichit disols Hioh Asihe FSTaN VRIS oferoured
present i rabeid heGatulatién pRENEE iybke fefibh Sholidthi &ﬁirf&dn%fs%ﬁw e tqtfit r o0l | ed
by varying the gag region in the vertical direction, 15 through the use

of a gener%MIr3HoR OFFusS BisFasionisapiatively sofand the meenstic fielputide seyokbis The head

56 i ncl udegerfdnfishlaP@dnSREART MR Ritivel bk bR 9 cavity 59
t her ebet \Aee]ieﬁﬁ The el |'i psoi dal cav_int yy %ﬁggﬁflﬁt@e‘gﬁagﬁiﬂﬁ% Jﬁg%ﬁgoﬁ‘g{e&’i stance M
whi ch 3cor ribe peghetic caarghdensityoat fiej cavityoturfacexashen ifsingaxinmom c € coatdve shapel ow t he

gap 59. Fi s afl ' rdance w th anot her
mbodi ment ot U5l iy Bt e e oA e 2 R R RAA Belhed G1 ana 62
have a contgion.eByadjusting thixishapeoofthengvity, tiefieltickwberonedntrated irebghaeen. The
cavity 64 has ap ell id ticaal. shape at the lower air bearing surface of the
head 60, with" PhhAFAIS e sidewal s which forma narrow hollow tip
defining a m ni num Yhkmaghiet¢ fieldcarbetdrifinedivy itha i i@ Barde atmitE i thé

corresponds to e l.ocation of maxi mum flux concentration_bel ow the gap
5a. | T 26 T BOIE. i e Bresh B Gigies e, Bt @ BARst B Tekom I WIRlgs, 5. and
8b conpensatfage dhaige HFGhdtHonal RIEESFalueAT A RIcoRAURNbAIE MR nelifigioh NWar dl y
curved walls in the general lé el lipsoidal cavity as shown in Figs. 8a and

8b is to iEPeREnerHE! RehsBirfage. sHercasomeiEpyuch Betha shewn digsaba st h i s

negli gi bl yy#iFbhote'a 1484rInaghftf dRARS Bithe YF bethlidd e taity GiRflcddn svRlpE Rt €d at

a smaller coil current val'ue than an equi gal ent conventi onacfi.l ring yoke.
30 The snenregprmeal dasthe Sluk prapagatiomdicestionf, thusdnoyeaking e seagnetintchagat a snal | er

current val ue than i I n.be.chosen
suc he]t%hat the narr o&eh'g?({e%gtﬁlgg 'rtﬁc?gga c¥gé§$°@%g§3ﬁ%gwgf%§%gﬁ%s the

PCT/ US00/ 2r&3kGs shewh iioRighPi The oazitnach fidibine 1bdatizadasgivn of60ni 1 60ampalae cavity.
As the current_value.is increased ve the saturation int, the yoke
Pog o ar ol e B i ARRFALSY g BN cotbSpchng o8 e dendl oritie o
occur s t hitaad 20pGBfViR’s rel atively soft and the nagnetic field outside the

oke is er pendi cul to the surface .of t el ati vel soft pol.e
?/Tat erial . P As pt hi s rég{x%gg§aqew1§?@§1aspheﬁcal or Qﬁpt{cal gap geometries are pri?narily

20 described herein, several other non-uniform gap geometries may be used in longitudinal

recording heads to improve their performance over conventional longitudinal 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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5 the magnetic charge density at the cavity surface reaches its madi fuMAR 2004
The concave shape of the pole cavity effectively focuses the
along-the-track field conponent in the media region. By adjusting the

shape of tWO®ZMPTy the fields can be concentrated in BCTABA7356r egi on of

a recording nedium The magnetic fields are determ ned by the surface

charge density in the 10 cavity of the pole. The |larger the surface

char ge i s, adchmpinyimgeigutes thefefazé provide only representativé examples bfthemamagogsble S
proportion : : i pnuity of the magnetizati on,
conponent g%)ré’er’g]in&?lgs’}ﬁ eaﬁ&g%c%g%@go&eaggé&%levgoﬁ%tri es such as that shown in
Figs. 8a and 8b wi [HigspiQmantl dOtasdhemgizallynitigsuemte febrivhdongseepa fortnikingavi t y

because the cavi.t f erage i s re.nargal to the flux

pr opagat i o%néllﬁ’rdén@he%ﬁ{dmgﬁlg%do&hgﬁ%&%&rfﬁ@'ﬂ@%@n@ﬁi ARy mi‘ée % nodel ed
al ong-3 he- ttmiakd techaiqiecnfpanaijdcent 8esioss, af Blustraddan . a0d. 08SshoWa in Figack 1S
shown in Fi(?q. 9. ,Tn,e naxiggrmfield |H€ a _localized region of 60nm x 60nrn
at a |onm b PG HRRYEF SRS RS | @Eﬁ?%@%@ﬁ’éé’?le%@? AEOSSAdAR to a
storage degfity$901n biAELto nidkd Aor’EHifobrh ighp PhgininaRUE b ARYERNt! iMvention,

hem spherical or elliptical .gaaﬁ %qeo_rretrl es are primarily 20 described
herein, setaVentiopalipaecessshion iitially Aabgisyingadengitudiaal ring fieadecan beuseiln The

| ongi t udi ngks; A& i | | r

convent i ondld éﬁ@?{’%di e R phcr b prlly BICP bIBRE 5 a1,

i ncl ude gaghowndy Figy 10ar d&d sespnd wigpe g sitcwantiols, eg.,ofithveal( o diamstenmes be For
exanpl e, tRhe: L | i .' . ‘ Wals) X1 S

per pendi CUP§}HE€§Al§%g)g€S%? ﬁ@emgiﬁ E%hlgl%%%gctgg&ﬁ%el? gg{rﬁsgﬁ&éﬁt ?‘%ﬂ%‘% & of “the
cyl i ndri caFighd0te AbgrnigiveldSthpairaildrdiolewiat be défmediatrtheswafeilevel.r adtkoughraect i on of
the head. The cross:secti.ona hapes of..such . cylindrical holes may be
circul ar, 5%11@?’, TESP eﬁ’f?lfg‘flé,y 6?# %8m?§rl?¥%dg?’@yP &% ST vy H@Rggonal ,
Oclt agonal iJmejz 6e ugEbevm@rs}lﬁu&nﬂwmum ra@s ﬂ‘icmn@'ﬁmtgéﬂe%?d(ﬁy tﬁ@ﬁéﬁd@BDOSi ng g
pol e may symetrj.cal or asynpetrical, e. one pol e may have a curve
cavi t andﬁﬂth‘@yg&ﬂi’?e‘?“dg‘é F’&&‘ﬁ’&?t X‘Eﬂesef‘?“&tml?f Gﬁﬁ‘gi a8 s@e’eﬁ PEIPE eFuakins f er ent
shape. AnyFgap1caand iob, liRviold ned RAleuitRediyHatesirfdenasiams ed to concentrate at
| east a portion of the magnetic flux will be advantageous as conpared to

conventi onal uni f or Mrefersed melads ghmasnfaciusing adpredudies dsad reparding gapcafitht i on
and -8 1 7,NOR, ﬁmg%iom&?dé U4 %H%Q:Qét?e?clﬁﬁg, %?&@ﬁgﬁ%ﬁgﬂy iﬂd%gf‘az

therefore provide only representative exanple possi
lithography, with focused ion beam direct etching being most preferred. An example of a

20 focused ion beam direct etching apparatus 72 is illustrated in Fig. 11. Positively charged
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.
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gap geonetries, not an inclusive list of all that will wor k. Fi gs. 11?6)#@{1%04
10b schemati cal | y illustrate fabrication steps for making a | ongi tudi
recordi ng {eafn&6; First and second pol es 67 and 68 ar y made by

5 standard tecﬁnl gues to form adj acent section as il &#é'ﬂsé‘t’ 5 n Fi g.

10a. As shown in Fig. 10b, materlal i's rermved fromportions of the first

and second pol es 67 nﬂ 68 to faorma  cavity In order to nmake
non- uni f orm gap | onfgc dith&PhotRuaerosrgph ol fhe W‘@glé}litambﬁ%rg}gﬁl{f?pe ofgonvent i onal

processes foaginiditial tedbiding hadd, skihg Bnch-UnXoSh Edaehvaghp (de tcﬁ% Cagﬁ'a\*;@ used.
er a e

The initial gap_ length deflned in this process shou cl ose

or equal t Betwesndirstad serondypRips BlandiPg of g!@aecoyggngdleg(bcﬁhmﬁgtype PhlSdher cul ar
hol e, : f i on beam
et chi ng f r%)e?lnfmt1 g()lgla;ielgﬁeé;gffh#g sftﬁr éscgl@ altﬁ% p&lgs*rs ovvn I %gp E%%h@%g'b

Al t er rat i vellipsoidahia sbapecvithen lengsh of H@mnbweatertd imettic albng-thetmat haunzbmlel

Al t hough a y ical 9.1s i rated in Fig. 10b,
any ot her (shlrf% nalklé lzhg%a;t Q?%éd:%nam% re&ﬁ%@ “RAPE IL%E#S %?‘Pttl

concentr at élsectlhlemlﬁg n@t. |amd ii tle,pxh qélSOmatmdsdJyd inhevei‘tkathlﬁ:%orﬂ;ﬁrﬁmlbmmgh t he

Figs.  10a B DB PRATGRE oo S ar bt S Frarg RaGorntd Wibte it he.

Preferred nmédiiodsthef typiallyf iaee leagthgoffrdn® i@t 500t ABdut BE@A! RResdf Aemyap of
t he resent igoven i og bncl ude fglcu ferd i on beam di rect etchi ng, electron
lit hogpr aph$Posh W00 oy § O‘Wa?‘ﬁlt POLRbEY 08 AMpeam di rect et ching

bei ng most pref e”eql)eﬁﬁiﬁ%ﬁ)ﬁ@ﬁ'iﬁﬁxﬁ)rﬁfgg Q%U&ﬁéivh}pﬁnsj&%&m@k'hﬁi%mpt ching
apparatus 72 is illustrated in Fi Positively charged ions of liquid
netal s, f oBaPsunPRIVENtigA3] ring Fiructyres Efé‘élé%séGV%ta@Jvaﬂﬁ&esbJﬂlﬁ OFesent invaetionof t he
first and the
process, |8’§§ﬁgpfeé gen@g?ggﬂ%&;}@ﬁg&?gﬁfoﬁ%&&%ﬁuc@%ﬁ{\NE)%’?SI%?%S%

suppr essor for@ing Bmeniugiferm peaicayitpomdie thh reridimensionakgaprstits i cormmllosapr ay
apertye 7 i C [ Qe on S

£ hroubh ar Crsil, Ta BERRD i e REitBb Ror Bep B B of iEmedli®s BERS o

sti gmat or &#enpths mmeﬁles gmafatedtblyehef necmdmgheadp Thé nbremsifasm §ap gebnetryons t hen

pass throu one of uralijt im.ti apert ures may
e sel oot ot e Anmst Al Bonhsts rihe ean iFeiog. ik BRImeiHEC N irolBand ur o
84, the iongalpss ﬁeltlhrnahkgmslarelgioamhdda@ecgaﬁl Q‘ﬁis @6lvéGhe probleki ofigordBfidnklr € 88
and deflection assenbl Last i ons pass through at |east one

addi t i onal TiPgREdgm ‘ﬁ‘@?lb%é traek ‘§’lthi ‘F( IW\{:}eQ Wethfoé‘ﬂ’t Igpaty L CPRsEReBYY .t he first and
secongh pol gRefafiRNfEcS8ink Defls Hhrofpdtatifg e bYes&? non-Sniforrh ¥ tad B0 dsed at

densities well beyond 100 Gbit/in’, while the maximum density 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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WO 01/ 26097 PCT/ US00/ 27356 Fig. 12 is a photom crograph of the bot L,ow ﬁr
air bearing surface of a |ongitudinal recording head, show ng al AR 2004
non- uni form concave gap (depicted by the arrow G between first and
second poles Pl 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'tlﬁ l"“&%t{‘&ﬂ‘ﬁla{i"“ﬁg%?’(‘?ﬁ‘i(bbx 3?‘%"5‘5‘P%h’s8%’1‘mf‘h§f%6‘8‘r"a‘ﬁ? £2%Y the present
invention maympeiseRdteadd érﬁquwame)pa{rbém@am (6am t he i1nvention as defined in
t he appended clains. -10 17 MAR 2004
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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We claim 1. A longitudinal recording head (22) for use with a ma? 2004
recordi ng nedium (16), the |longitudinal recording head (22) conpfisi

first and second poles (51, 52); and a non-uniform gap conprising a cavi ty
(54) defined by the first and second poles (51, 52). 2. A longitudinal

3R | ongi Lonaariod REBRLAL AChEn 7 b crliie 8‘0331‘%%‘3%5%%@%?? he

cavity is aghonagintadrial 4ronfatllengohdist thetirst 8edsedbiOpdl f@zZ)) according to
Claim 1, wherein the cavity conprises a substanti ?Iy el I'i psoi dal or

hem spheri cal shape. 5. A longitudinal recording head (22) according to
daim4, wherRifeth ¥ [ % nuar dli rved wal |
(64). 6. Al onglﬁft: ug(?%%% d1ﬁ%g)r%]9fﬂ?"7 éﬁ%el?’ﬁ a%ﬂgtggr%} PCOH@%PP#& S&her ei n
the cavity Hawsadbwgﬂhedt%rgubstanh ally 50 to about 300 nm a width
fromsubstantially 50 to about 300 nm and a depth from substantially 50
to about 500 nm 7. A nethod of naking a gap (54) between first and second
pol es (51, 1GA nefhod acé&aﬁgw@wﬁh &@Wh@femthb%éﬁtﬁ%%hrvfear use wth a
magnetic recording medi um (16) d conprising the steps of:
providing first and second adj acent poI es (51 52); and creating a cavity

formng a en t efl ol.es (51, 52 R 2004 8.
The met hodgg(%églr%élm% ?Or Er-r‘?a?ma@hgﬁgeﬂl tg‘Fg%‘fl rfpmprises 4 %u)bsfagt‘%} Yconpl i shed
by renovi ngengisemamr}{eh@gphaﬁca{]@mje one of the first and second pol es (51,
52). 9. The nmethod according to Claim7, wherein creating a cavity is
acconpl i shed using focused beamdirect etching. 10. A nethod according to
Claim7 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.

-12 -





