; €3eVYPPQUU' X6 YTVY#SYSTEM AND METHOD FOR STORI NG DATA I N AN UNPATTERNED,
CONTI NUOUS MAGNETI C LAYER CROSS- REFERENCE TO RELATED APPLI CATI ONS The
present application is related to co-pending U S. patent applications
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of Using the Sanme, ™ and Serral No. 1072458, IZ7, tittred ~Systenramdivettod
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nonment of magnetic donains to store data. Specifically, the present

invention relates to a systemthat sStores data in an unpatterned,
conti nuous magnetic | ayer. BACKGROUND COF THE | NVENTI ON There is great

interest t i goet 3 I M as a high
perfor'rrancg,ﬂa.éuén'rhu‘.?t( “?ﬁ@ﬂgw&ﬁWm junction (MIJ)

menory el ements. The magnetic tunneling junction conprises two |ayers of
ferromagnetic material separated by a thin insulating material. The _
di rection of ThRerasgManpdcatinteistrelited tecopenting dytemmtent drpliedtiorfsoBerial

exanpl e, e bj W 1. ntif.er&o netic terial descri bed
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that of t secong ferromagnetic |ayer. as described in U S patents
nunber s 5,'48aNeiEuShkRegistes,” both of whichnrergdied onc/unsnht2008, and @rd i r st

| ayer res It | tiG: fdelds which are applied during
t he operaﬁﬁgﬂﬁgﬁﬁ%ﬁgk#%ﬁn Jgggéﬁg%. yﬁg%ﬁ¥%g5t, in the second
ferromagnetic | ayer, the magnetic noment direction is allowed to nove in
response Uﬂégigéfgbagghggﬁigﬁﬂch are applied during the operation of the-
menory dew ion of the nmagnetic nonent of this layer.
This applied field is referred to as the witing field or switching field.
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di rect i on.SIRETSAIALT 8L LNPARMEDy CRRPROUSIMRGREYSHEHRL | ¢ nonent in the second
| ayer will largely either be parallel or anti-parallel to the first |ayer,
thereby allowing the storage of data in the formof "ones" and "zeros". The
i ndi vi dualBAEKGROEND G Bl @Yy mcro-lithographically patterning a
continuous filmconprised of the magnetic tunnel junction structure, and
‘thereby defining an MIJ elenment with a particular shape and area. To create
t he MRAM t heTMiie islgeemtrihizresteodag v payaeidraridoi Bceedieheaidly aIRANM) 4€a and
"bit" Iiner-\s for .the urposeﬁ%. reading and witing the MIJ devices as
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el enent s [ || ,siz The switching fields of these el ements becone
ever nor e%g%%?i"\épégﬁtag tﬁat Oeftﬁﬂg S&89%‘¥Mfeé6‘)"§? rﬂﬁ?fﬂ?ée%fast‘#écﬂﬁﬁ‘gﬁ" Bt hese
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of the MIJs and edge roughness of these devices cause |arge changes in the

magni tude of field required for witing the individual devi f ,
"the field required to change the state of the MIJ nenory elmmwgmuﬂmmm&ses
as the size of these el enents decreases. The magnetostatic T)elds emanating
fromthe magnetic poles at the edges of fhe MIJ menory elenent ¥ marily
determ ne the required nagnitude of the witing or switching fj
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of the demagnetizing fields, for exanple, by form ng one or

ferromagnetic | ayers conprising the MIJ from sandwi ches of two &R®®re
ferromagnetic | ayers separated by




thin non-ferromagnetic |ayers, as described in U S. patents nunbers
5,841,692, 6,153,320, and 6, 166,948. In conventional NMRAM cross- poi nt
architectures, the state of the storage el enents is changed by passing
currents through parallel arrays of "wite-line" and "bit-line" wres near

the MIJ menorhe glagfeit fnomy it efahisYirst I8¢&d rebpehdisvaly uttmtdfihféuﬁbgh@ i fdlgsage
el ements are created by passing electrical currents through two wres
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oriented along one of the wires, usually referréed to as the bit-Iline
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respect t Lon.,.of the Wr ies of MIJ storage elenents is
arranged fSH g ﬁqh?%rﬁﬁlgﬁqlfgrgwgaypg f'éfd:: es, One selected el enent, at
the cross-point of one of the bit-lines and one of the wite-lines, is

witten by passing currents sinultaneously along these wires. Al ong these
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which results in an increase in the local current density leading to a
runaway process. Thus, in actual devices the current density nust be bel ow
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devices are hal f-selected during witing of el ements in the NRAM
Cross- poi nt é_:a’rchltecture What is therefore needed is an MRAM architecture

in which t h&EleqrcakgrrRyitefor $Riting ApA ynterrepaingthesstatst ofdbe drdiviAbal My Jt he
shape zand 184 rytge SR YbELS enaﬁemds;gyttaeeeemw Agath%%bhea%n of
,magnetlc S ca e generated, allown magneti©c elenents wth
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such a system has heretof ore. renai d unsati sfi THE
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or "the present systenl) for 'storing digital information in an un-patterned
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novi ng pay, ﬂﬁ ent sstem oV lﬁ an Iobaci nethod for witing to
and readi h&faﬁm Bgﬂ 88 9 g%’é{ FEakt s e%} Uffy, the present system
uses the inherent, natural properties of the domain walls in ferromagnetic

or ferrimgnetic rrater_i als to wite data on an un-patterned magnetic film
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junctions (MIJs The fi t he stor The magnet i
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stored or may be a serles of dlscontlnuqys sections which are not
contiguous with one another. The magnetic filmnmay be conprised of a single
magnetic | ayer or may be conprised of nultiple magnetic |ayers which may be
separated by non-ferromagnetic spacer layers. This filmis conprised of
magnetic materials simlar to those used in nagnetic nedia in conventional
magneti c hard disk drives. These nagnetic materials have sufficient
|ntr|n5|c crystalllne nagnetlc anlsotropy that nagnetlc reglons or blts

-, .. e o o, o o o o



monment in a localized storage region within the storage |ayer, effectively
"witing" a bit to the storage layer. An inportant characteristic of domain
wal |l fringing fields is that they are localized in small regions of space

near the domain wall. Thus, domain wall fringing fields can provide highly
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wal | are |arge enough to wite to magnetic |
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drops rapi mai n wal | . Consequently, application
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wi res | ocatierdents decessed.ty to the magnetic film by varying the distance of

the wire fromthe material whose property is to be changed by the domain
wal | fringing field) and by noving the donmain wall along the wire. In the
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surface of themgpggg@ f%roée?)r%gyrﬁﬁ héwo s NG 9e F If‘?ﬁé’”?@'iﬁ"ﬁ@bfé@ the
state of meﬂpgtsmga@ewdym safusvichmesif twoved mereafeﬁomgﬂénd layérelsé %‘afe{?ﬂg

one S|de tnpﬁ-f (gﬂ 'Heg l@/gl on, acrg}ss t he rra netic region ose
this regi on? IF e R 28 destrbediin E.§. (ﬂa%ﬁ wmgemsrmma,g‘aem cr egl on
The curreiBt153,020 4hd brieggagt he wire controls the noverment of the domain

wal |, and consequently controls the witing of the nagnetic regions within
the magnetic storage |ayer. In one enbodi nent, each nagnetic region within

the storage | d which is connected to a
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and bel ow t e T dlehagmrit By:daced S teeloeslphRYBEEAH dfﬂﬂs‘ Piteland Mitlihé GReOY
conblnatlontﬁa H?’ fringing fields fromthe wres above andtg’l
‘the chose gR&EN 'W'B&’;W&fﬁs af?ﬁ@"Pﬁi’Vﬁ"ﬁ@ﬂ@c’[@@@ artbgg e towre aratthamwithtties . The
magnet i c lﬁ/ll'l'Uré]ép,ﬁerﬁ@h nuUQuUS al.ternatively,
it can be conprised éhté& Wtﬁ%eésﬁgﬁé ?Qagggﬁ&ﬁ%% "?’H%Ph%Pfafhﬁ&" éo‘t’ﬁ‘ia&\ﬁous
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sections ) t they contain only one (or a smal
data stor\ggﬁe ¢ gclﬁg?l@f J'Trg?“oﬂ?@“ CUFESHé ?%‘P@@”@ﬁéﬁ Qeoelemﬁﬂfailmaraar@edu es of
magnet i ¢ aletgeashafagewiite@hang wiasoci ated with one or nore witing tracks.
In a preferred enbodi nent, the magnetic section is sufficiently |arge such
that the data storage region (or regions) does not extend to the edges or
t he boundar section the detail ed norphol ogy and
shape of thg)ng geers&%g%ﬁgﬁtsaéyﬁ gﬂs%lBé"ﬂtcﬁ?Of“ﬁf’ftﬁ@PE‘@”@%@‘Q@@@fﬂh@wﬂt@HIn‘ehe
magnet i c i$ ivettersby papsingedirrepts WinmdiRnEH& 0 W thin the
sectl on. @5 a esul t, g?ﬁ]e i ndi vi dual ata stggea\gggér eﬂéﬁp@é}tﬁe@?ggﬁ%w;res

"pat t er né feiVH e 3 puEbar ofkalisslensed Ielepaarts woibhpreshubjEztedts ditherap@vaitingnal
VRAM arC'ﬂeFde&ttHEEtheQ‘éﬁ they rather reside in an "un-patterned" magnetic
filmor data storage layer. Simlarly, the data storage regions are not

| ocalized in small nano-patterned magnetic el enents of a particul ar shape
and size, but they are rather sinply regions within an un-patterned, and
ot herwi se honogeneous nagnetic film The |ocations of the nagnetic regions
within the nmagnetic filmare conveniently determ ned by the witing

el enent. 7 3



One advantage of this invention conpared to conventional MRAM designs is
that the field required to wite the magnetic regions in the unpatterned
magneti c data storage |layer is influenced only by the magnetic properties
of this layer and not by the detail ed physical structure of a

nano- patterned magnetic el enent. Furthe r the us |

fringing fi el B@maxnmygHeds éhaican pﬁgeléqar@{?gng}ygh%vre(ﬁt'&f §W%§H92%35@ tg'ﬁ\g?&% and,
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wh in: FIG 1 ised of FIGS. .1A 1B 1 C - d
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the pr ese%f\%@%ﬁ%i}@@és FIG 2 is conprised of FIGS. 2A, 2B, and 2C, and
al'l'y u

schemati c strates expanded views of one data bit and its
corresponding witing and reading structure as utilized by the magnetic

menory device of FIG, 1. FILG IS _conpLli : : and
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process flow chart illustrating a method of operatiaon of iti.n tfo t he
magnet i ¢ neansigeraiongdnelidmocequirements gn POWEH HRSIRAPNAN ’&\?'Z%R, PEWE 5C,
5D, 5E, and_5F,, and i r P it i etic
menory devtir%'%s'%‘f)rig&th‘]:l?ﬁh' Zégés’[!‘%ﬁ%oc?rrgﬁﬁ%% (;E‘e\f\‘lli:él &QS%&@gﬁgﬁ%gﬁﬂgnd

r epr esent smaxignh figd Bat iso imitthesmallesesizadf the Mdnlisbehemat of the witing
device of the nmagnetic nenory device of FIG 1, using a bl ock of
ferromagnetic or ferrimagnetic material; FIG 7 represents a configuration

of an alter ngfhg\lgwm%gierxgﬁn 8% dbBRabed b'}/ RELEMNY 1@ et nidimetmgiehést ofemer y

devi ce of FI , Uusl Iple types of ferromagnetic or ferri maqneti C

material ; SlemeRtEor &xareple ke Hsisg anaanetic Gatatal orthoimalies Magnelre g yi§Ror

~enbodi ment, of the witing.devjc iCo ' - 1,
usi ng i ndef¥ éﬂﬂ”&ﬁ%ss('aﬁga Cers'ﬁ]{aet '?Ivghs/g %%8{ u%e&tg%eggs, é 15% ugéetrp\gg?%fg%n@ the
f er r omagnefhigkriss it ttié rRgMetic taysas et thel MTEIdBvice. | Howeyarobese devieas tiear t

illustrating a nmethod of operation of rea%ng dat a fromtheﬁrragneti C menory
devi ce of Pe@mMa susceptible to thermal upsets due to the Super-paramagnetic effect:

Consequently, the MTJ elements must have sufficient magnetic anisotropy that they are
stable against thermal fluctuations at the operating temperature of the MRAM device and,

particularly, when these devices are half-selected during writing of elements in the MRAM

cross-point architecture.

What is therefore needed is an MRAM architecture in which the switching of the memory
elements is not determined by the shape and size of the memory elements, and in which
much larger local magnetic fields can be generated, allowing smaller magnetic
elements with sufficient magnetic stability against thermal fluctuations. The need for

such a system has heretofore remained unsatisfied.



FIG 10 is conprised of FIGS. 10A and 10B, and illustrates the process of
reading data fromthe magnetic nenory device of FIG 1; FIG 11 is
conprised of FIGS. 11A, 11 B, and 11 C, and illustrates different materials
that can be used in the magnetic filmof the nagnetic nmenory device of FIG
1, FIG 123WMA@W%F3?HE|IN’U§N'P|’@W9 the use of a reservoir for domains in
the witing he magnetic menory device of FIG 1;
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nmagnet i c g\gta s{]%)rstggga?ég %?B%Aggggﬂﬁtstﬁ g'ﬂﬁ% Eﬁjgﬂjaé{w&g%&mﬁaf‘ h?y t he

| ocati on dhagnstic ftﬂdmremwredab Iohmnggtheeolyerﬁtaﬂ@ﬁ?of/\theée (?hﬁetnd?égﬁor?}sooﬁmfss
cates that the

magneti c rein, the ter pat t er ned"”
“storage | %‘L& f%ucéb 9?% ngenPeriovid g](?fy %@N%S'r@dbmt@h NEro Wikes.
suffi ci entrhgsé argér inagAEHOMIRY Hovedbr, | BAYe achieved by using the domain wall

fringing field generated at the boundary between two maghnetic domain walls in

rm

magnetic tracks comprised of magnetic wires located in proximity to the magnetic film.

Associated with each domain wall are large magnetic fringing fields. The domain
wall concentrates the change in magnetism from one direction to another in a
magnetic material in a very small space. Depending on the nature of the domain wall,
very large dipolar fringing fields can emanate from the domain wall. This
characteristic of magnetic domains is used to write to data storage regions in the
magnetic film. When the domain wall is moved close to the magnetic film, the data
storage layer, the large fields of the domain wall change the direction of the magnetic

5



one data bit that conprises a magnetic region within the magnetic storage
| ayer. In 11 addition, each section is sufficiently large that the edges
of this section do not significantly influence the witing of data bits to
be stored therein. The term "un-patterned” generally indicates that the

storage | ayer is cqontiguqus over the array of, stor dat a..bits, Pat.terned
regi ons d?‘é”’éeéﬁt‘ri‘a %C%"%QQS%{HQSéGQ*P“aW S V9% @ﬁgbgﬁegﬂ\gﬂya\g”@ﬁc | ar,
el l'ipticaliidgetad gSquare, or trapezoidal. Patterned sections can

Hq;g'fie%y . ;
al so be l'arge enoughf to” conprise one or nore rows or colums of data bits.
The magnetic nenory device 100 utilizes a series of witing devices (al so
referred to herein as iting elenment) 20. The witjn evice 20,1s,.
conpri sed of\THEIRPTIAM ERErARR, t@fOf%%PMIfr'ﬂ@aﬂé'@‘J@'g/itg%tstbe}(é‘]ﬁ? .L;%C@_H%%% by
magnet i C L raGkis e %#éc‘%cﬁ%gar%ﬁe ddthairs wall4Phus! RPnidiA Gl ARGingATEMd 886 of
magneti ¢ donai ns erein the magnetization alternates from one direction of
magnet i zaprioviet loighlydocaijzesi drel ldrgesotaigoetip fiekds thatl gandbe npnimdateddolepate om
one domain to the next. For purposes pof i|lustration.onl t he eti
domai ns. 15y Fravimber oyt e Rielian alihets pan sfpb e A Maabal FBEY Sushe
1A but i“a@B‘?ﬁé‘%ﬁé’tfb the orwpet ation of magnetic domains fromone track to
c

the next tra eed not be correlated and nmay vary dependi ng on the history
of the witing element. In FIG 1A, the witing device 20 is situated both

above and bel ow. t he pl ane of, t he magneti ' ' .Gl of

ref erence, 3*@#1‘)‘?'&? §,Peta?%ci;g¥ tl@%ggmf' Wallﬁi?iﬁrég]ef’gﬁ%P f@gv r?%@@ra@htﬁ}{%s upper
tracks begadsewithe¥agHelicltaghar filoyef séeral tabasaid bbstetg el maghitudel OA.
Simlarly, "exenplary tracks 35 and 40 are also referred to herein as |ower

tracks bebedssgingdields dranscapidly withslistanee franbesonaie Waly FOSeasening. 10A.
It should . Cl.ear e N ¥ i ein
as it BPIENER e ot Rl Wall g HERES itbe CoMRicadh Mttt aptig e
exenpl ar ywiebdsiatedin ptoxanigtthe Bagnets filamdyd@ryng thedistahcsuefithe wite

h-1ike b in the w I t ot h th tic fil A Data |
w itten oD OachateseLBPEs plptBeac8ben naed o re Aol e o BRI e
bend of aghy \%ﬁ%&hﬁg%é Bérn%‘?rg}k%llia‘{ozrfd @ wetncides wth an arch-1ike bend in

a track below the nagnetic film The magnetic film 10A is coated with
a thin insulating layer 15A on its top surface and a generally simlar,

~thin insul at] | ts . I i se
ot h of t hodd bR SohoRIhaBESORER gk SRR e SFade BEREI 50
magnet i ¢ wHee by jugingtthefrirfgirig fidlds frompoagnetic domaaln malls frensighlb@ringf mapeetiat a
bits in the |ayer 10A. An insul ati ngl_ mat eri.al sur,rounds thg1 naegneti c.film
10A and t ¥eckir ¢AMREsed faRgNels WRR| | Re SRadrea @' P RICY9TYd gfsGdadle pragnetic
fabri catifgrd ay@moﬁér!e%é mvghankﬂcgma@@?ewg hiRGo Deaimitn, BOthetc?Jié%m a
solid state nory devi ce. en a current is passed through a terromagnetic
‘metal , thstateytheedomainsiroay be padeskawafrom #s stoiagedaxer ypihe-wisnwi gt fans,

and.spi - IRAMREP QR ECESRIER BT B 3% bR rERRRE bR el KRG8

spi n pol afHez&drRjeclayeons (which, by definition travel in the opposite
direction to the current) are passed froma first side of a nagnetic donain
wall to its other side, the current becones spin polarized in a direction
al ong the difection. el OO0 i P B f in wall .
The spin pol-lgfel é%@ggo\&gﬁig%sgntoﬁgﬁ Irgg]lg\glgrrehgoprf] r?lh gtnsglgﬁ gﬁhﬁomnée t&%?tg%b'? he
opposi t el ycrweg et nzametiatregioal (and cldse teehisndgisniieo thie ather sidelof tig vitedauses

t he magneti¢c monent on the second side of.thﬁ wall to.rotate, thereby

i nduci ng WHENGEhMEEDRetBRAIPN WHIS CYTENHHEWINathieHgndhe dits RSHS e spi n

pol ari .Zedm%?gﬁ*ern?ﬂﬁhe' démain'Walf I&ﬁd%ﬂgéﬁ&t 'c'bﬁﬁbfs&ﬁe Witiﬁ@%f%ﬁﬁphetic
direction, for majority spin-polarize ectrons. en the current iIs
passed i nregitng witlkkindlee diagreticatorahe laemai n wal ls will al so nmove in the
opposite direction. As current is passed along the tracks (i.e., track 25
and track 35) of the witing device 20, the domains in the tracks are noved
to the left gr o %@Tg- e dj } urrent. As
t he domai ns lﬁ@\?%%’#ﬁ@'ﬁ?ﬁﬂtﬁaﬁg e g?%@@@{ﬂ@%é%@%@é‘ﬁ?%gﬁéﬁ?fe to the
magnet i ¢ &édotiatéhmaginetigwirbevhiclaiskaonneatel tofa ttameistarisodhat@nfindiVidsal associ at ed
wi th each domain wall may be witing. However, the field of the fringing
fields is chosen such that data is not whitten to a data bit 45 unless the
13



fringing field in the upper track 25 is conbined with the fringing field in
the. lower track 35 applied to the sane data bit 45. In FIG 1A the tracks
are shown with a series of domain walls regularly spaced al ong the tracks
with the domain walls fornmed at the boundari es between regions of the
tracks magﬂs% i fedidh @&M@hé@b;d;bésemtglmrea{ PRlig hrwe hdseetted rhagheidl wird o
under st ood that the donai n wal do "not necessarl need to be reqgularly
spaced apanove the mr@smdmgwéomelmwall aaf lits assecie agnetig&ingingufieldcent

state so that the not writi neti.c stor

oper at i on @‘? Ste}gé'e\l\}ly’ttﬁﬁd“ﬁ%n\ﬁt&? eﬁgﬂi 'S wrﬂfeung?%ge@@ngy Nt W@gﬁé{"&fa‘r%% awi ngs
in FIG 2 c(dr:‘r'\ﬁw;ﬂﬁts teved Gbft td Hth"\Sr‘ righf & I@ﬂ}éih@%é’@nét@ r@@i@SWis H#iteRfin one
ferromagnetic trac or wmres such as™wire 25 and wire 35 that are pl aced

i n proxi mdinectiontonéherathestic fil m 10A. The wire 25 and wire 35 are brought
in closer proximty to the film10A by the arch-like bends in the wires. As
illustrated for exenplary purposes, the ferromagnetic track 25 is conprised

of a plurali tyatheHEFBDEINENAAETRh A etRULIRe PEs DY RIEEY wﬁued@ﬁ&i\aéﬁneaeét@age
210, magnetized in opposite directions. Ferromagnetic track 35 is conprised

of a pl ur akpion ase convededitagethrsimseries 26 thabdomain svalisraggesiatecewith eedpposi t e

directions alon t he track, hes d S 5 215
and 220, d@?ﬁ]rﬁ% a%qu%n ﬁ“MPP’ g%ﬁ@%‘é%é ﬁ}%%rggé re ?O% %\gﬁ ?"%'8“ on
di recti onsyigds éb@/éigﬁalb@&)vmﬁe @t@@bgﬁeleyemdeleatba rﬁa@hé&()regroen ewmtmr byrg an
initialization of the menory device. The initialization stage needs to be

carried oworopingtiometdomeinewall fringiegrieds e thevireaBPP R Paley Hherhiosehe
operation rﬂg &Fct’%g@‘r y”(jeep{%lege E@@re‘g%rﬁ%@%’t\lﬁﬁ@q by the detail ed design

of the magne C and or ex applyirng | arge external
magnetic fields in the proper sequence. The initial state of the tracks can

al so be estabhli shed tlcd ins fromthe

fraoke. Tor dhammeancte il B SRR foist A iR lh; S aREmReghy: Ean
be rotat egyd E&ﬂﬁﬂ&é‘d dF ér%llnepﬁhabﬂeﬁ@eeetmrthamr@mebhﬁgaéhs with ehdsarstred . er
t han those wh are required to change the nmagnetic state of the tracks

t hensel vesTheReespalieignagnetia sgitions omayan ms'é&,afméecb@mh@éarq RasMate

tracks st NGe: 89 JBRART Ty SHE 167 el Bhbenlor BRI QULARORSII R 8/ By

regi ons de ppr oxi‘matel'y inverse magneti c
-domai n i s bhenjarge edough ¢o tbrtaim aeetlbeoﬂnmnatmdytdmomgeer@gajrmmgssactatatkvrtthr

W re by passing a curyent | se into the wire. By using a sequence of

domai n wal "4 ﬂig@@f?&"rﬁ't'aﬂdréc%tv]?r ent pul se i nduced donmain wall notion, a
sequence of domain walls can be established al ong each track. Once the
magneti c domai ns have been set up in the tracks, they are subsequently
moved only byn paxefengdeembedimenththeugagnetis sackier s sWficienty frigp 696k that the

d I
Ha ! 08 e Modgbabh AT FEbAS B RAE A To MY FBpBPRE I Sod Bl SRk L0
a second deagheticeddtior3Qoitsatase aeitaileednvidhioldgyi argl sigape ef the 24@es \Miete bot h
of the domain walls 225 and 230 of the witing device 20 as t he re_tenon

(al so ref eyacdiantde nERt ighyensedhednganiusecithe mﬁ%@t'ﬁﬂélﬁ@trﬁg Fed iR Wos t
e e ichd R EPRAIL O AL CAOTEAS Bkl ARE depal S o
are conbi ne@drm aaeatdtépaﬂtmn\ad’f tnntmgpmlalaarelass withipgrtiduart $tepdstas inegi on,
within t hecorFF\‘/ n grlwgl I\ﬁh%\ff‘g?chfltlec ures, Ak‘)ut they rather reside in an "un-patterned”
magnetic film or data storage layer. Similarly, the data storage regions are not
localized in small nano-patterned magnetic elements of a particular shape and size,
but they are rather simply regions within an un-patterned, and otherwise
homogeneous magnetic film. The locations of the magnetic regions within the

magnetic film are conveniently determined by the writing element.



To wite to the magnetic storage film 10A, the witing device 20

sel ectively changes the direction of the magnetic nonent of a data bit 45
in the magnetic film10A. In the present illustration, the magnitudes of
the fringing fields 235 and 240, applied to the nagnetic storage film 10A,
decrease rapi Sedif R0 12T 5
and 230, e|tégbéFﬁv%ﬁgegfﬁFﬁﬁéﬁggnggf2 o?apﬁgbnagngﬁ?gm |Iﬁ1f%ﬁ”%#ﬁqhg?
the magnet the fieldngauiced toewide dwsmagretiedegivnshintireunimatainedwaid etia 25tamsictag80

b t de, a hi | d tic field to th
ragnet 1 ¢ SFUETLETGROOW DB mABGetBIcReT s AL oisT SHAP! abclaied ogi o1

45 within gmﬁﬁ I 9éﬁ 235
and 240 ap%l I ed(?Fl rgof{% nBh. t?rﬁggge& ggEggﬁ?o fﬁnﬁpr%ﬁh@t%: ?&% p%(?nloffOA can
be control demabywaﬂrﬁmmgihg 'rﬁagjstlhena@hetmimﬂingoelatriemnts ofaytrhlevsdmuah highedr llscal 25
and 230 in_the it ce 20. n addition, the |l ocation of the domain
nal 325 | wagneht el BAngG s Gostinls B Qi el om 6 atiish) craBks passieg pge y

the | ocati ﬁ@n-@ﬁaér’(&c‘i@ﬂ@é NTHA éllo%%ofo'r%n(h@RN\/P{Ha@@amécﬁfé%%U%n Ridrierr ent 255
al ong track 35. shown in FIG 2C, the dormain walls 225 an are noved
away fron1dﬁ@SMG§HEH1@rbﬁsmkswﬁyconvmﬁmmalQﬁe&anmtﬁESQHSBSpect|ver, after
the bit is witten. The tracks 25 and 35, as shown in FIGS. 2A and 2C, have
not ches on either side of the arch shaped regions in these tracks for the
pur poses of fixing the position of the domain walls when they are not being
used for witing. During the wite operation, current pulses, such as

pul ses 250 and 255, are applied to the respective tracks 25 and 35 of
sufficient magnitude and tenporal duration that the correspondi ng domain
wal I s 235 and 240 are noved from one notched position on one side of the
arched shaped region to a second notched position on the other side of the
arched shaped region. During the notion of the donmain walls between the

not ched positions the donain walls and their associated magnetic fringing
fields are brought close to the nmagnetic storage filmso that the magnetic
storage filmis subjected to a | arge and | ocalized nmagnetic field
sufficient to set the nmagnetization direction of the small nagnetic region
in one direction or the opposite direction and so wite a magnetic bit. In
FIG 2, the witing of the nmagnetic region 45 in the magnetic film10A is
~acconpl i shed by the conbination of the magnetic fringing fields fromthe
domain wall in the track 25 above the storage film 10A and that fromthe
track 35 below the storage |ayer 10A. I n another enbodi ment of this
invention witing is acconplished by the magnetic fringing field fromonly
one domain wall froma single track either above or bel ow the magnetic
storage film 10A. 16 In FIG 1A, the magnetic film 10A is shown as a
continuous and un-patterned magnetic film However, in other enbodi nents,
illustrated, for exanple, in FIGS. 1 B through 1 E, the magnetic filns 10B
through 1 OE, respectively, are conprised of multiple sections of magnetic
mat eri al each distinct fromone another. For exanple, as illustrated in
FIG 1 B) the magnetic film 10B is conprised of a series of approximtely
circularly (or elliptically) shaped sections, i.e., 101, 102) 103) wherein
a single data bit may be selectively witten. These sections 101, 102, 103,
are distributed along, and aligned with, each "colum" and "row' of witing
devices within the witing elenment 20. These sections 101, 102, 103 are
sufficiently large to contain only one magnetic bit so that each data bit
shown in FIG 1A is contained within one section of the magnetic film The
magnetic bit does not extend to the very edges of the nagnetic sections, so
that the witing fields required to wite the bit are not affected by the
detai |l ed shape and norphol ogy of the edges of the sections 101, 102, 103.
Thus, the magnetic sections 101, 102, 103 do not need to be precisely
aligned with the correspondi ng upper and | ower nmagnetic tracks associ at ed
wi th each section, making the fabrication of the nmenory device much
sinmpler, easier, and |ess



expensi ve than conparabl e devices. In the enbodinent illustrated herein, a
series of insulating |ayers 15B, correspond in shape to, and are fornmed on,
the sections 101, 102, 103. However, the |ayer 15B may al so extend beyond

t he edges of the nmagnetic sections 101, 102, 103) and nay al so be

conti NUOUBRIEEISEICRIPTINCF ¢ HEEDRIAANINGSanot her section. This extent of

t he Iayer‘%%—c%‘e‘ﬁﬁ’s_oﬁ‘mmw of fabrication of the magnetic
menory devi ce 100. Furthernore, the |ayer 15B does not need to be precisely
aligned with_the magnetic fi sect i on. 1 T needs
only cover Pﬂ?&e Wrb‘?}%ef%_ﬁh’rrﬁBh%pﬁeﬁgﬁﬁﬁrg@qr‘c&@%mel %ﬁgn%ﬁf }atﬁgmg]ltggmt hat
touch t heWﬂPHQHe‘!&?{%@& in/igrb,é@l&%ta%ﬁwitﬁeeferawc%qbnh@fdlwm@g Hegcrimioni erirhey

readi ng purposes simlar insulating |layer nay optionally coats the
under si deanfl driwingscwherain 1€fererexumels arg uspd whele apareetentp | ayer may

Feadi ng abHicS A uesmarnopbin helean! el R BTE fr YBBR bt i n a

single data bit and intersect with only one upper track and one | ower
track, the lower track may be in electrical contact with the nagnetic
section and F&.ilsislcommiisedanfdGletlfedB. e 1PagAStits a9ddiydRtah MRS | ower

evi oo 208 EPRS i (aghel’? MiFhety GO oot RO B bretenl REcHUbY; "0

approxi mately rectangularly (alternatively square, triangular, or any other

sui tabl e) shaped sections, i.e,, 104, .105, 106, wherein ingle data bit
may be sel ectiGe ip camprised. of flEse 26e2B; 8R4 2{pAndspremasisa @Uaﬁéﬁeﬁi but ed
al ong and j i Welolf i . i b kL g W81 N
the ar i 11 SPeREEE eV P Vo B 1 EG e SR whlihg hRA BRI GREVEL DT
15C, corr espdiided byshapeagnetic amemanedéwiceretiFién,1;t he secti ons 104, 105, 106.
Simlarly to the layout described earlier in connection with FIG 1 B, the
| ayer 15C may be limted in extent to a regi on where the upper tracks 25,

30 come in pEEXidnistdonkSriddiCofMaaBEBIAC 382 eht TS .anti04pres@bis 4 @6hematic
Alternatively, the layer 15C may be contiguous between ma%neti Cc sections. A

cor r espondiiagrarhamnd fwe graghsriustéaiiag damainyyali fingingyfieldroliine sBageticn t he
under si der[rﬁ%g 8 i FGS‘FC“ ons 104, 105, 106. FIG 1 D illustrates
aPRCaERers Fo of

anot her e e w'iting device 20, wherein the magnetic film 10D
-is conprised of a series of colums, i.e.) 107, 108, 109. In this

embodi nent, a series of insulating, | ayers 15D, correspond in sha 0 | and
are fornmed oRlGCthis %g&qeéﬁzlow§ﬂar€@g§ai¥alt5g a meého«ﬁofzop?r@ﬁgrg rogf'vé'émgﬁ%méer
enbodi men I idey 29, wherein the magnetic film10E is
conpri Sed%ﬁ%&t@@ﬂé@%@@xg&@‘ﬁfﬁﬁ@ ? e., 110, 111, 112. In this enbodi nent,

a series of insulating |layers 15E, correspond in shape to, and are forned
~on, the sectLpusy M0 didud d'fcs ®a, 58, 5¢, 5D, 5E, and 5F, and illustrates the

process of writing to the magnetic memory device of FIG. 1;

FIG. 6 is comprised of FIGS. 6A and 6B, and represents a configuration of an
alternative embodiment of the writing device of the magnetic memory device of FIG.

1, using a block of ferromagnetic or ferrimagnetic material;

FIG. 7 represents a configuration of an alternative embodiment of the writing
device of the magnetic memory device of FIG. 1, using multiple types of

ferromagnetic or ferrimagnetic material;



In both the enbodi nrents shown in FIGS. 1 D and 1 E the correspondi ng

i nsul ating |ayers 15D and 15E may, on the one hand, be |imted in | ateral
extent to the region of close proximty of the upper tracks and the
magnetic filmor may, on the other hand, be contiguous between nei ghboring
tracks. Sim IRAG, B reprientd d)offigiifaYioR &f aﬁ;@th’érta'ﬂbdetﬂé@&ﬁ&éd]g]e'n%?fhfe%riﬁ
| ower surface of the corresponding nmagnetic sections. Regardless of how™he
magneti c ffeviraof tke awgpelie steroorystmiicef Mgy retisthgsiedentations {drealteoativens

fficj h h beh lik - . ic fi
To the i naPGdtsieREgn ol SER AR ko TP MathelE maTeh of the

magnetic section, i.e., the detail ed shape and norphol ogy of the edges of
the section, do not influence the witing of the individual magnetic bits,
contrary to thE. 8d8@ ppcesmilemchartdliustRing avnethdchdi epetatibn patdaaimedata

magnetic s 1fs.,. Fl 3 (Fl GS. B, 3C) illustrates the concept of
donmai ns, dﬁ%ﬁﬁgv@%@?t'cawgn}wg?syﬁs cffi%'@pd 1 as used in conjunction with the

present invention. FIG 3A shows an exenplary |ayer of a magnetic material,
with which the tracks of the witing elenent 20 are conprised, with two
nmagnet i ¢ dondilf¥s 180% camgrised ofF{G:St heA andelfiktandatiustratestheptoedsalbbng

te di o axi < h h 315,
onres L I 085 AT Mg A Ao L 5 L o

directions. The magnetic nonents in domain 305 point to the right, while

the magnetic nts in domain 310 point to the |eft. The domain wall 320
is the regi orﬁ&nnel\m% EpMpaRed REFKa9, ?%5183, Hphbt¢t angpdlugiratep diflerent The

T the ol BRCER el AP PR elE A RO RIdheE Mt BPISES R ng

field emanBfG.rig fromthe surface of the layer. The rel ative magnitude of an
exenplary fringing field Bis showmmn in FIG 3B. The fringing field Bis

| ocal i zed an('j:déoncentrat ed over a region of, for exanple approximately 100
nm in the xFIGMeRsd amtiagrBe iNEstkat foft AFBROR i Bz of
the fringing field B, arge i |l ust r}af?eﬂgl@i%nsgﬁfg%??% as a??tkj)?c%ﬁ?(sowqﬁ? Vgrﬁﬁi'gof

pl ane di st3MtEeaditetraeknef thg maanetia meriosy devicalof £6@. In the z direction,
and is concentrated primarily in a region of approximately 20 nmin the z
direction. 19 These fringing field conponents Bx, By, and Bz are very
-high in the Fé@i 68 intompasatbobFiGSwal 3A 3R0,138ndndninstetds sapitdhativet h

di stance fro é.he (;go in wall 320. Consequent | the fringing field Bis
| ocali zed %{HH]O 180 &?B?ﬁ WQP‘SP%E‘%‘PWL@'QGO“@&@W%@Q Ha\ddually eajisdedc
mat eri al ir@g%t@%&b'wrthQ@kHé%Tghég& A The detail ed magni tude and spati al

variation or the conponents of the fringing field B depend on the details
of the spatial variation of the magnetization in the domain wall 320. The

di stribution ' i i 1] domaj n | | depends on the
‘magnet o par agt o & SPRRSEE e Ml 1B, PRI Ryt FETod e of the
conpri si ngnabectitageatdrg devieeks FOG. tBeamd i ting el enent 20, particularly, the
magneti zation (nagnetic nonent per unit volune), the magnetic ani sotropy
and the strength of the magnetic exchange, as well as the thickness and

wi dth of the g i Tp r4iggl he I e W magneti c
regions wt hiFnr@'t L%tsn(gogrbl@ﬁd ?fl ﬁ%%&%@%@ﬁ&@%ﬁg?ﬁa%}%égﬁ eizrjgggg%e%.t

cl ose to aidhdreragretinenéroordevicabf Fitthetd.arge fringing field B of the
dormain wall 320 changes the direction of the nagnetic nonent in this second
magnetic material, effectively "witing” to this magnetic material. This
domain wall 320 can be noved within the nmagnetic wire of the magnetic track
of the witing elenent 20 by passing a current through the nagnetic
material of the magnetic wire that is perpendicular to the donmain wall 320.
The magnetic nonent direction of the domains can be either along the
direction of the magnetic track or perpendicular to the direction of the
magnetic track of the witing elenent 20. For very narrow tracks, the
preferred direction of the nagnetic nonents are along the track direction.
A met hod 400 of the witing device for witing data according to the
present invention, is illustrated by the process flow chart of FIG 4,
considered in conjunction with FIG 5 (FIGS. 5A 5B, 5C. The donain wal
and its associated magnetic fringe fielq% are shown in a quiescent position
wi thin the nmagnetic track outside a wite 20



region 505 (FIG 5A) of the witing device 20 in FIG 5. Arequest.to wite
data is received by the nenory system At block 405 of FIG 4) the nenory
systemtranslates the data (0 or 1) into whether the data bit 510 in the
magneti c data storage filmwll receive a nagnetic nonent pointing right (a

ri ght nmegngiia|PPOEYESCRIPOR VR PREFERRED BMBODMENTY (a left magnetic
nmonment). IT, : € data bi IS to be witten with
a left magnetic nonment, method 400 proceeds to block 415. At bl ock 415, a
current 515 is appl.ie e track 520 of the wiiting device 20 in FIG
Sh | ovi ng ¢ IromeRpreMARAN S EEreS BuBlve B8 et ihshe BRGaeTe o,
noted by t | 4 ; 7 21 ahpve
'he magnet PEMT e A PariBliafShabe BHUPR ththre TBglophictl pekiefrity ot
fringi ng féedrdpB30ongentionetioptcaantl or ¢lretrow beany ldbpgrapbp BndratchingC) . FI G
5B shows the domain wal I 525 ?t anttsi nt%rredi at e gosi i)i on bqi%?vgeen t he

qui escent pYILRLANGSE BREICTY RIEAGNSALS t?r{qqg%cﬁ BBIPR PHHER-FFBOHE,
Concurrent wmgeﬁehte SucH &8 brahsisReahd cApasitdrenivhRASolf ool Gidhoar@ tderck
540 | ocated below the magnetic film 10, oriented perpendicular to track
520. The efud thé purmosasraiviedding curitirghangABesnoakng Hig megeete Mmamery gemests. ng
inthe direction into FIG 5A, 5B, 5C. At data bit 510, and only at data
bit 510, track 520 and track 540 are both in close proximty to the data
film10. A curdeaetcordforicntfBid fopshetiGirét, plicdig®n sivormealdie, drid thginrtgef i el d
550 within the wite region 505. The magnetic fringe fields 530 and 550
wite to tmagagtia memorgementickrefablicateangially i stderasitingha spntimgous

magneti zat . Wl . ' j ' ' ' :

curr ent o S8 8- 108 wRidr En Eonisel e plat AETERENTLEREH o The TWFisy) oo
that the ftHerdithggrabalcddy batlered ibfalmageetiemeverty fdesives vé arEagtionanénd el
data bit 510, The frin |n% fields 539,@5%0 mad; be Iret. rned to thelﬁ. EI’IOI’
position ofe ah?RFr@ 1 H(YWHC? REF PGP IRIECIBFY KT WEBS OB XHS(hM'GiK
435) . 21 - cJfifectihédd oA el diticngind dbsitofidRoaibangR.r emai n in cl ose
proximty of the magnetic film 10 for only an instant, or a predeterm ned
period of time, that is sufficient to wite to the data bit 510 of the

magnetic fil rp. nj fringi j : j

appl i ed o ddidit V8 RPAIPL R Rlbrcblaibbiter by Ehanifathetpdud fod g
-540 are i nengentsitd providd the firag etdoticas conageidnisl tontiése élentemts.d@ypichily, 11540
isto be witten with a right magnetic, nonment at. d?c'si EI CF 410, et hod
400 proceeBsopnancsogl thegnagietis rgewom s, vely SEPFENe Qjﬁ? (ﬁ)cga ?ﬂ?ﬁ WF PRI ole
track 520, j : ' t i i ' | re55&ctito ti@ve
in the neggfﬁj\?‘eﬁhpﬁ%@?&%ﬁﬁrgIe?crﬁérﬁ%n.dt%\tf' ?’F%g?%@f) %gggiégé\gmrsr sﬁﬁi&fted

wi t hi n t hecinguitrg aboyé end3@tow Fese gefnentonting. dhe shap@ant size efithelelgments

T n0, 2ot BBy R elhaPiRied i€ phedBE furedhal MGy Pas HE 528 fRRCL, ©
data bit 53RmdntadksHABkandllowdckeethigh endpodry storageas@apitiexi mity to the

data film10. A current 545 is applied to track 540, noving the fringing
field 565 within the wite region 505. The tip of the current 545 shows

that the curr ixS:f 1 I : i ipge
fields 560 an@&géé w%tfﬂei%%‘gnﬁ%nﬂ%rﬁeﬁ;%ﬁ%eﬂ ?ﬁ'%féég%\%gﬁaﬁo , tl?ﬁ?%@‘ﬁg t he
di rection dévicbe OGegmeprisiied apmunpbitdatea, bontirhbistroagoétitt filhn1 @Ael ré glagnetic
direction. Currents 515 . 545 are then lied to tracks 520 apd 54
respect i vefgta %ﬁﬁ?&%@y%bﬂ&? ﬂ?s”’é?t_ﬁmﬁ‘ﬂ\‘?gc?”éﬁ&%% 'F‘grﬁpteﬁg}’ g}ﬁ Iicaﬁcen 8%3%58%@
435 of Fi iti“%Jiqg'Y@@/gRI@@ﬁsee\Hﬁm@b BE@Atadb tﬁi@%&%kgét%mlml nvention the tracks

520 and 54 are fabricated as straig W res wthout any
arch-1ike bends. This nmeans that the magnetic storage filmwll always be

subj ected to ]| arge, donai Il fringi ng .fi.elds .even en the donmain walls
are in their %%P%%gﬁ'te”bggg?‘?r&?ﬁ.pa]t{]‘?g?%‘g 'B%Bgﬁsﬁﬁﬂﬁhﬁ%ﬂﬁg@naﬁ@f cgmRpriged
whi ch magneg g%eh;@glo@géctﬁfn%, BEER BERhRY i8 sEARRIMGLAQR t8faceBEREdfe fat 1623t Ng
fields fromdomains in tw tracks, this is acceptable although | ess

desi rabl e bhamatanbit hieateovbguisee ra magoetic ragidi Githis, thermagnatle storagarlayen. ilke
bends prevent large fringing fields frominpinging on the storage film
except during the witing process. 22

11



The properties of the magnetic storage film 10 and the witing device 20
are chosen so that the fringing field froma single domain wall is not
sufficient to change the nagnetization direction of the nagnetization
within the magnetic storage film In another enbodinent, shown in FIG 6
(FI GS. 6A addion i hadediion iapeficiapnddarge tRachetdRek s sefomts Hoep! aced
with small ferromagnetic bl ocks 615 and 620. A thin |ayer 625, 830" i s
formed on tigpfieantyhiafliencotrmgueliing obtlatakytsaiohe eed tHeeeinhi n | ayer is used
to determi ne the spacing of the ferronmagnetic bl ocks 615, 620 fromthe
magnetic film10. Since the witing device should not preferably be in

el ectrical cqmeagkmwiihlbattemePaReE!SN i Heeqt ey

magnetic filmis divi djebd into ?S?Fr%hlslhgig??%stggﬁdi ngbﬁ@)@%@ﬁg@%g@ﬁ@@ﬁt,
as shown ioverit@BsarrayRfsierage Opta hits.t Riatiernedoreg8 s, are3@ctiays bt can medfarym

i | at | terial that y ith the | ti terial
hat "sur r UOrEBT, e, B s cureu o BBPLS A, At dRte bCaTE] PRIBEELAL donm
val | 635 iﬁameactewoﬁ@@aﬁhr&g:% @fégé %hbgﬁlﬁi%‘%rﬁwﬁri@é %]g% R roVrollreur rent

640. The enbodi ment shown in may be easier to fabricate than the

enbodi nentClWows dfdlal bits.5. 1 n a further enbodi nent, the honbgeneous
ferromagnetic or ferrimagnetic material in the witing device 20C can be
repl aced by i nhonobgeneous ferronmagnetic or ferronmagnetic material, as shown

in FIG 7. Tmaeknd@%ettf mehwrimieticaol tdevtilices 206eries cﬁ@ﬂﬂﬂg@éx@é&s@@lso
alternati n% t};é)es of ferromagnetic or ferrimagnetic materials. For exanple,
bl ocks 710CHIEEG phefeln 8o MWHEAY RleREBN20: e wWitingedpiies 20 imeemprsednf many

bl ocks 715404 r%gge ?f ﬁdﬁ\%tﬁ?%@%{ﬂ&%# , rééfé%'enf%netgfgge{gten‘égg?%aic@s&é(rpggn()f

ferromagnetic or ferrimgnetic errals serve ned-regrons in
whi ch t he toanksi2fs 30n 3640 t ridektrdés aresiatapiised bienagneticsdceainspasdreinaine The
magneti c nmonents Qf blocks 710 and 720 are aligned in the sane direction,
so that ndﬂﬁg?%ﬁaﬁ'@nfa't_ﬁfb@% "eTLBPE Fjérﬁcﬁw Pﬁ@a%ﬁﬁﬁ%ﬁtlo_@ tPith?nOPBOW%n the
writing degfietior HrefeSablp aldiRy HEitRR&8Hord bAk&Iomain to Md héRg E6r btb‘rgogQQB?t' c
film10 is carried out by noving the domain walls along the nmagnetic track
705 by padiisteatiencany.dhe magnedictdanaing it reighkering rackeatd shewn fsbg30, 735

are noved, | i i ; i 2s) in the
ot oper - di 1SBasBEN. EGhe PR Fin A BEC, Arafon e Biol Ak 8BS 730’ or
- 735 i s br alayhainsdranhenartizick ng thie gexintrackOnesdrotbd berrélatekand may werpse
proximty to the magnetic, film10. The track may be designed, for exanple,
by havi ng é?p(ﬁnpf’@r%ﬁﬂ"%\}"af%yPE‘W%@‘”B'P%?[G{W?V of the data region 740, so
that the domain wall preferably resides in this position and requires a
second current pulse to nove the domain wall fromthe witing position to
i ts qui escentn bEsilA, 8re weliag devieenZOhie sittatedrpth ediowa .andl hethow dgie plaing df iee

upper tra L [ i hown. in Fl.G 7, si, gkl ar | ower

T ack my diedTRatb PEAH R EreBnSta Rl ao e e m Tahalste <o

t he upper refensdd toTheaein ad upgerdfadkBeataige tiegy are 18648teldsabdVerthe dldreesf taut -
jected to a conbination of magnetic fields from

when this region js su g ]

dormi n el TaIRRHRIM iofg-r@nwar'w FPTRIGNOR2EHS BorRdiedTgmies refaded dnaerein

tracks.  aslower tracks because they are located below the plane of the magnetic film 10A. It
should be clear that the terms “upper” and “lower” are not used herein as limiting

terms but rather for illustration purposes only.

In this exemplary embodiment, tracks 25, 30, 35, and 40 are formed such that
arch-like bends in the wire almost touch the magnetic film 10A. Data is written into
each data bit represented by data bit 45 where the arch-like bend of a track above

the magnetic film coincides with an arch-like bend in a track below the magnetic film.
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It may be preferred that the domain wall in either the upper or |ower
tracks is first noved to the witing region 740, so that the region 740 is
subjected to a first magnetic field. Subsequently, the second donain wall
is noved to the opposite side of the witing region, or is noved across the
Writing regippe Frﬁbne%tfhﬁwtoﬁfs%téWWItﬁ@ @\ld'%h%@m@%yé?ﬂ 5I¥R It AgeBUFaS®
that the timng the novenent of the domain walls in the correspondi ng
upper and dmgehe@dysm@rnbﬂnmudmmgllemr oraiés hWhlembmtrfaceh P ratarably al® ®'s i n
t he upper and | ower tracks ar d concur ent thro h

witing r&ynem 'S%\PPW%E%W H@P'%@Sﬁw{a may CHFE h%eﬂpaﬁlﬁr”é ﬁ%mngﬁ%%\} O‘rire

the domai Rrth&bufdiR¥ Ar8adin uﬁégqat@\sefhetmaqﬁﬁsanmés
740, 745 %%étﬁﬁﬁéﬁ%gme‘%ﬁeé bybged(g%entl al cgrrent pul ses. The first

pul se noveaydriOAdomain wal | fringing fields 730 and 735 near the nagnetic
film10. In a simlar manner, a current pul se noves domain walls along a
correspondi ng track bel ow the magnetic film 10 so that the fringing field
fromthe domp 'n%:‘;’@éﬂn%ﬁ"a‘?é‘hélQ%rr%ﬂﬂ@fthecang'n@hé‘ﬁlrﬁﬁOAV@ﬁi fenQutingealehyent t h
that from above t : ustlngmtshetlrre of arrival of the
domai n wallG amdsmmiadm@meapr@aew oﬁf@.bngammga magheti¢ BiAyf 6 aod theme f or
whi ch t he conbi ned fi Id f |n walls is |arge enough to wite the
magnet i c V4RO glsmedt Qet {ﬂ S éﬂl'dd?tta nbcgyéig\ygﬁt ageous to have different
strengths of fringing fields fromthe tvvo dormain wal | s above and bel ow t he

| ayer 10. The domain wall frlngl ng field can be readily varied eltt]gr by

varying the Yiyen a@urrgebarmassc thfoughe terrasmagdietisietsd thgygfremb vjic
varying the i e
08 R A iy O A G S s
the trac kSelebtlﬁlcar\cﬁrhl&lrctmn;b@ﬂhafEﬂﬂn up lwdrmngmdbmm elegtramﬁscarr bel onité rdg‘femm Iﬁlnd

720 b nbi ned d f d f t t ti
egi one. 7 T5AARBG IS AIBgUY I SHPETOIARE P BB T o fafaidh The ©
material . é}ﬂo’%ltga&nte%wn W%eb&r?@rﬁ?%@ﬁiaés@d%%‘ﬁrsi bidetdfatkadfStic dbv@am i s

no need to Have a nmeans of providing a pinning potential for the domain
wal | di recWiaU'tcalwothelrlseiermfmeunrenifbemft}B spih@oldrizedrig adiragien mé@jietiec il m

Fri ngi ng. 1OETSIoRG et ARy eRang el ol PREIrARu=ICT he Gomain vel |

-above the bit to be witten. In general t he track used to provide the.
domain walls _for witing the nmagnetic blts into the netic tt rage film
10 i s desi gnddreswpit RAtEriEAd SlRAHANS el Fs 'Yeéssipﬂéaﬁgu\ﬁéméi%'?wﬁb BSSl tions
away. from the'sk &#H@@%ecﬁtthémmewh dineapesd theons are
defined ei %éﬁo%yh%gngﬁﬁﬁwg%drlgn t?%rs gxarrpl e, by form r:g ngtches wher e
the track miaghbtic momhergmn t;her&ﬁd:@ﬁé@;da)@f thelwadk tearotate! therafy ipeBginsdhances,
where the track, w ncr eased h ck, f
regions of TAEPFHS gﬂ?‘allﬂaaﬂhlt? @%t'@rtﬁ eé&‘ rhoptrh]e]?eé Ilg]rrh%g(:irlrg[?i %tr%rgo'i%efil es,
for exanpl ge @bﬁésﬁé%cﬂ@rﬂftﬁtﬁez@rr@ﬂﬁiréﬁﬂbm for mmny:tspm mlasmdelpchfsnmr by
conbi nati ons of these nmethods, The enbodinent in FIG 7 s ﬁ'ﬁé’\“ﬁ@gﬁ use of

bot h not ch\é\éh%mt@eequwr@m@t pargerdn ke reversa ereian the JRspaindv AG¥S of

t he donai Nin 0sp |tépﬁe8tlr5 scent state. The choice of which nethod is used
may depend’ p Ftl (? y on the nethod and ease of fabrication of the
tracks. 25 In addition to fabricating the track so that the domain walls

bosi t10ns, "t s NN 16 BASIRC 008 LB dAGKEA.E HYRHorhgTE AECBI LS btk wipnd "
magneti nﬁé\'ﬁ{:é %losth%rd aﬁm@%"tﬁ@trh&% %rreaf%veé% iHeAkeftid o BUTRGR, ¥BbEndIhG |

also reside"at the witing position. I'n the latter case, one current pulse
is used tOOdnme/dwehmrdm‘rthermumlnl As dine domapfs mbeeqmeéﬁﬂ@ﬁg fl§i@tfé0fﬁdb$t| ons

h d d, t
dormi 1 el FORBERTE AR {5 HREHEIOAT 1 orialoB (6= see (¢ Iifid™
posi ti ons flélﬂ%%s%é’l ke \R/llf'r?eééﬁ'%oﬁﬁdlr‘?%ﬁ% Jpﬁé'v@rlti%@ Hb%\/éﬁ'tﬁ@ﬂélﬂ%fdﬁgﬁl n

wal | was f m)ve hi's may escent “position on the other
side of thfrinying figids pzosrndisemlréuch that data is not written to a data bit 45 unless the
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Furthernore, the tracks above and bel ow the magnetic storage filmcan be
designed differently so that one track may have a fixed position for the
dormain wall during witing and the other track nay not have such a
position. Thus, for the purposes of witing a magnetic region into the
nmagnet i c ffnhgingmad {nitheadpeputak 26 donfitsihe® vithfd ftuﬁglﬁgﬁemfmtth@ Idwécks to
drive a domain wall to the witing position in this track a current
pul se in ttRRCked? ?@BM’IMW@Q&"@.@R’E‘%’]bmHé other side of the rragnetl c film may
be used to drive a domain wall across the witing position fromone

qui escent state to the other. Thus, the nmagnetic bit is witten by the
conmbi nation ¢ Fee.atﬂatméttrébleé, Hred§ @m@ta I d
and a dynani c, novi n onai n m?%ﬁ‘%sﬂ% fiel QIB%!Sergh%gM% gm&u n
wall int @O@@ﬁmtrﬁgk& wgb khe pemeain wealls tformmt alotie tmrunpaeesebetvmmi rergutrtstmfon

of thema bi,t 45 can beued first i ng,
u th the dDedifeRearorRizkg T IBBRE Grpiine R 1Eas  leni gt ibod”
field in dnet terdshaiarwaiRddd Rennesssagyt i PRsd ﬂa gidry &g aeaala;ﬁrt'h'#te from
the second track, a dynam c magnetic fireld in the perp end| cul di rection.

The det ai | B tBpatanain walls are hown inHeeidarigsaenistater sq Hngnt Heeyfarel rag wuiting to
depend on t fe.the magnetic domain wall which, in turn, wll
depend on tbﬁ%%ﬁé{@t#éﬁ %JB@rtl es of the nagnetic nmateri als forni ng the
track as well as the detailed shape and size of the track, i.e., thickness
and wi dth ofé_hhe ma netlc material . The spatial variation of the fringing

fields can b&DBAPSFAIGER the WhthaiRMeRED & Wistiatedinbestetailed dragings io

structure t a 6 t zation
var 1 atfon W bl Cha 228t a0kl T rEhg AL o SRR oo TR Sant |y
as, for exeagkser wm sudhcaneire 2inahdvinitelB5othat bee plaaed in proxamiteth thehus, the

spatial di he do |eI s can he optim zed by
i crornagnerﬁis%ﬁ%l‘)I h@& \L’he Wé{?t?écﬁn%”ed%@ﬁg? ggghmt R ieXENity O thendingi gn
of the dorrm,ahbva.é aifdhLIﬂ@l[f@qul ialtHs wirey. depend on whet her the domain wall is
noving or is stationary and may depend on the direction of notion of the
domain wall. Thus, the detailed procedure for witing the nagnetic regions
into the nmagpet d netic
structure of J&tg hllleLFS %ﬁﬂ%&ﬁ%@%%é?g&&%@ qrow?é%ﬁ'gcﬂﬁﬁif#eﬁsd?”%fﬁgd of
.detail ed satplucallhy of smteeewpcomrmamﬂ S),fchtatseemfraplbsy dbinahsczomangeiohe writing
device 20 wi |nfluence tion of pagnetjization in t he domai n
teireetfaiondiay

wal | s and "em t2gd 14 GRRPH @m?@t%lcctf%qkr?’fb@tq%mpr'saﬁtgf a plyeality
di recti on plsutbesdRIGGHEHRLZ 189 200, hi&% rWégﬁétl%@dt? 3sit¥ bire ARRE Mo uHe

hl

detailed structure of the witing device 20. The g?ore e direction of

t he magnettiaght TbﬁS%maghetleﬁpnws:é’@Smou%t@ gmt:lZflé dnel 2210( gefige abovan one of
the track e.g., the along the direction of the
“upper tra?ﬁds”gor t%%?i?dr)gg ﬂ%%éo the | ower tracks, or can be designed to
lie along a direction at sone angle to the upper or |lower track direction.
The magneti c jmateri aI form dlf_%c'[t he trac S can be conprised of various

magnet i c nat &P¢ FANEYEANIY 108§, oféh,ej Rﬁ“a"’éﬁn%pfh?ﬁ@ﬁﬂoaﬂm t&onaird 230 lees s

f df t

Tormeg 1 981 ButRyR MHRAYRN JI RS RIIRYS ABRRELTR PRSI0 PLIELEATLAL 062

el enent s choEshoutf @y ereeypftsr tlh@metmerymasmmrsfa@ﬁcatredvardi Ingfokd thleer magnetic

anlsotrop Si.nce t n|t de of _the fringi ields fromthe dormain wall
depends o PEFRIGH it Heme Ry Vrlr(éq A NiRlS 2ceR %“98?‘&5’V|"98ﬂﬁtﬂ”@ﬁé@'%‘sﬁtthé
domai n walhadrietiear Sredk dy)

magneti c matgerl al ﬁ@ﬁ%%ér rraalgi}ﬁ%tél c@ﬂ;ﬁﬁgwgpﬁ/ﬁ?ﬁghm@ghgg f'é"gﬁ’? nHed from
al | oys of PRRErGeaaRtceN al one. For exanple, the nmagnetic ani sotropy of Fe
and Co and N can be increased by conbining these elements with Pt or Pd.
27 The domain wall fringing fields will also be increased, when the
magnet i zat i oTh@fnitid)etd1RONEHd Fadrat l antageous
to formthe track fromall oys (E%nﬁil %F%S%Iéggg@%gﬁgqﬁtwecw&n%ﬂéo whi ch
have hi ghépwmeotnztbe|e@|dsm|tmetrackmrion\exan=rme frowi magoétid tegiomat \ehosd
formng the track.wl|l i, nf | t he nitude of the current and the
| ength of F& iﬁ?p%?a'b[ﬁa@yrb@dﬁraﬁ@g?@@ %‘ggﬂ'?ﬁfép'ﬁ erPthRl ingnagnsits t he
tracks. The higher the nagnetic ani sotrggy, the larger the current pul se
magni tude and |l ength are likely to be. Simlarly, the danping factor of the
magnetic material is inportant in influencing the magnitude of the current
pul se required to nove the domain walls. The danping factor can be varied
by doping the magnetic material with transition or rare-earth netals as,

for exanple, described in U S. patent nunber 6,452,240. An inportant

advant age of u5| ng current puI ses. to change the d| rectl on of the

-, = Y - " " - -



advant ageous to formthe track froma nultiplicity of nagnetic |ayers. For

exanple, it may be useful for the purposes of noving the domain walls with

smal l er electrical 28 currents to vary the electrical conductivity of the
track so that the conductivity is higher at the top and bottom surfaces of

the track [ f ﬂ&?mq t [ across
t he crossﬂ%@(g:tsmér{rweléfth%l'hel%graa\@'li(m@%r% al the currg%;{h%a%gor@“élsgétglrm;?@t he top
and bot t otrasky frasesclods.t Tikesea magnefioregizasipiay, fmrr&a(a@mrar () wadersthmyhe

experience sone drag fromthe surfac of the track for exanple, to
r oughnesstréﬁkﬁ RBSE tgem%ﬂ%*c syt feeﬁg\?f H@”HWQ{H@Q”@LH Y"Eﬁ? CHE&HEPIT es at the

extremti tBelrongth overal | current through the
track to rar%?/’(eé th?%g@?@ﬁﬁra\/\f%ﬁ@er%%@ glzrrents are advant ageous because
they will |ower the energy required to nove the dorrarn wal | s aI ong the.

tracks. The pinning of domain walls at icula catr ons 0 e track
may be effec(BBQﬁ‘ ad5agneiithderRain g dnesiss | p%ﬁé"“ﬁﬁ rﬁ graeves dﬁgY#]Fl G 8
by introd ORy 83fhpd 9Bgud e
track. Thga%k@gﬁﬁﬁéﬂeﬁp%ﬁ?ﬁgmﬁq Eﬂ%giét&%@)v:/rg%?)mar e 93‘% aceLcji bet ween
domai ns 83>5damda|r84.@1l n&éﬁtrcandn@ﬁﬂrreﬁﬁﬁulaam@@@d d@n@iewalb@byon,meg@ence

uhi ch ¢ he chankAR e ERE e SR s alanagans Uankeo e i pgh o B UEREME i

wal | depem, hedvednsnly B Eohgber ances
810, 828 g%%'éehf?et%qh*ﬂhé’frabl@ thé\rlgg‘%o?gn@dg?ﬁg?ovr des a& prg/r?ﬁr nggpotentr al)

30 can si ca
for the deweentsiroegh wetsmf%r themwpoges pheritingdatabitotpsthegpagnetic
pr ot uber an é 0 820, 830 are on both sides of the witing el enent track
805. Alteﬁﬁg? they can be on one side or disposed on the top or the
bottom of the wwrtrng device's track 805. The indentations (or

pr ot uberances) can al so be protuberances. The i i.ons (ar ,

pr ot uberance\é\il thi sperifig re@r@gp@@p FH5£ 45 9 fist Hegﬁm &9’@ 2%%5 'ﬁﬁéSéﬂﬂ%ﬁd Wil 1s in
their qui ?ﬁ@@g)@ fiRlPe S5 fe@&'Yd aamanprvawaebwassddr%ewrﬁ Pigirield 240.

pr ot uber anc may a aced along the track at the witing positions

as il ust vihed both & tﬁe cibrbqrntvtrﬁdlsr maméﬂB@@étﬂmwrlbm@ﬁab@Em tBezeaion

825. Int resent illustration ndent 825
are pl acedabh et npkbRn ol nRusls M HAghe SR i
-pl acenent figfd &miaRdting frbhe{rrésd@ﬁém \Balozzs‘ﬁﬁcmﬂrjahctarrewmrs erdattemnamatmg ftamtthe
magnetic film 10. Wien an a&? rlatecrrent is ap 'ﬂ?‘#iﬂ? ck 805, the

fringing fagnelicamaingvalld eeW%iWEﬂ ?‘“ﬁ%\?@ '8 qo S”&‘?}d 820,
al l owi ng pr S f

enbodi rren?'vrﬁm Mﬁd aaéitegrg\f/}?ecgétgarg g‘%fe ﬁagé'gent{)% 2(ﬁtgtt?argi)elrjlfrlFc])ﬂrmaacjzl'?ffer ent
ferromagnetic or ferri rragnetl c materl als with indentations or

pr ot uber ance

Fracks of ¢ nboue Mg i ReREtoalaeot A Pty M Alef Prlife ZRRATAIRY ng”or

the magnetdhanhks %é@rré&r@ﬁ&ﬁtﬂé@ﬁa@rﬁﬁi@'rﬁoﬁﬁénﬂ@ﬁa @gtat br@4domfmmma@hbﬂc &émal
their associated fring mgl fields close to the magnetic film 10 wi t hout ever
U

havi ng t hel Odormithe pegsest Bluatratiemithe mpandugdag Obér%wnwe fidghéer @nfid4d 10.
The | ocal n an
appr oach taﬁ%ﬂﬁgttéﬁgqelt rzna ?%HE)% &r?ﬁe ilh q@A geéﬂeﬁggﬁf&aﬁ (ﬁ.ﬁs&ﬂ% y?&%‘%ﬁgﬁgﬁ&c
recordi ng thé Iréﬁ)dwaé%i,on’ﬂdm wmrleMmr&bm&\ﬁaﬂnleelﬁirel \drifirey dédce 20rarthef t he
magnetic disk material. Disk drive devel opnent seeks to make the

magnet i zatMagnatis ey 104vaki ng 1 arger magnetic noments and larger fields to
ensure adequate witing to the disk. In the present witing device, the
magni t ude of the domain wall fringing fields is related to the nagnitude of
the materi al Tusedhennagrmewf‘rmgmg fat/ nsso@edlvdtathefdahais vedliss2Rbeard 230

t housand oersteds are achjev ) se uen t he wr evi ce can
wite strdiagiBe BeRd fepioyklga &*ﬁh@cﬁﬁ%ﬁgﬁﬂé arrﬁr rwagj‘e“ﬁme‘%%d‘%ﬁ 'BRIRHE
witing d t t\hes fheC film
10. In onZSY%'% 5 ﬁ%ﬂtﬁl\ V%“%te\}ht@%}ec\gﬁ“r\?gigf?lgﬁauvmg%\ﬁktr%%bdﬂ?/%gmﬁs about 100
nmin si zenagieticchilnT €0W. Teg oiagaitutie ofrtheefringengditetai2d Svaaid 24 Gadplgct hether acks
wi || decrease as the area of the nmagnetic material formng the track is

decreased. Thus, the nethod of witing magnetic regi ons using donmain wall
fringing fields fromdomain walls is 15



advant ageous for witing very small nmagnetic regions, and, advantageously,
scales with scaling of the track widths to snmaller dinensions for higher
capacity menory devices. 30 The width of the nmagnetic region will be
determ ned by the spatial variation of the domain wall fringing field. The
extent of \ithgdeViben0ITBane grietd ifiin WA talBe éBhROIBABY cB bR gIndar y
where the donain wall fringing field exceeds the magnetic svmtc?n ng field
of the madgiative laeation eflthe clepraisiwallst226 aratyd’4 ircthiei writilkOdeWibe1g0. t hi s wi dt h
will be related to the physical width of the tracks formng the witing
device 20 but will not be exactly the same as this width. A device simlar
to a magnetifh 44aAEh] the IbSERIN GFhe Adnksn w%%dzzt@isfc%ﬂﬂonédfbg%@W};&r%&?red
on the nmagnetic storage film 10. A magnetic tunneling Jjuncti has
two | ayer $£36f alpagheacka Srebistiladly, thepacatiadotthealontiin Wadly280 isfcantislibatiyng

ayer 25¥Falnagien _ cotyeaia 280 fccimoubat
Uyt cal |y FoMd AT B4 bPR B0y r “0f al umi num oxi de al though 11 can

al so be formed fromother insulating or sem conducting materials such as
MyO. One magnetic layer in the MIJ is t?/pi cally a hard magnetic materi al
that requir eSs$hoxya fitgRE: the domiain welle A2 gadi2d aregneved awigrironTiiee ot her

magneti c i | I, cal sof t net | terigl, ,al.lowing a weak
magneti c ;Fﬁéeﬁdétféob'kz%g%gdu?rggk%ggggppgﬁg‘?ﬁpeﬁﬁ}é%&aai‘?{gk? bﬁd@%ﬂﬁeg- fheid is
appl i ed t drdcke 250did BBgaesheovii BIGS] 2A1ah8 28, eeki s SReNsLI L8t ifthe
changes so thag the direction of the maﬂnetl zation of the soft nmagnetic

| ayer can 3eh $9PPeY redipns Intbess tragks farithe merprses afdiingt the pesition efithewhen a
fixed vol tReesil j r ; itude of the current
passed thr oughlht agg%ﬁ%g}rﬁggé}gz}o? !Bg}d\ég%speé'il@gwgﬁgghe relati ve nagnetic
orientation of the two magnetic materials in the tunneling junction.
Consequent |y t.he . value of the current in the tunneling junction indicates
the directi O’RUBPQtﬂP,%Wﬁﬁ%Hg‘?ﬁ ORI FENRYISE5e SUEH S tﬁ’éﬂ&ﬁ?é?% and pPadrei f t he
noment  of sphiedids thd RPECvE FAGWR5 SARBEIFRILYHCi ifueRtar nnel i ng
junction i trrl)gi'(;at es thepdi rection of the mnéln{Cliﬁe?%%{ILugr@fdﬁggm%P

mat eri al duratin tiat te ceressonding demeint walfs 23 asd 24 0rmag medver! fiamerrical i s

known. Th dr’r&gé}ﬁ: F [ netic.tupneling junctign can

al so be fg]rO % from%a? %ﬁrrég'ﬁdeﬂjﬁthﬁ%rég%ag@gﬁé W@é%pq %FeF&%‘%BEWh@at ly

- SWi t chi ng pokitiomegmittei athepsigatos thenatdhedMhdpad eegiopvi ded, as in the nagnetic
menory device 100. 31 The tunneling current passing through the MIJ
allows the direction of the magnetic nonent of either one of the two
magneti c nmatpuking $hd motibR Mk dbm@in whikeh ! i Logd i f
the direction o?éthe magneti c rmrrelr.ﬂwpf't e c??%g(ra r@a‘?{eerdl% ,'%sgtfﬁfeec{%&ﬁ

r ef er enceWall§&nd theirassepiatethepgnetic Binginguiside atef brboight dosaltd shenirtalgnetit he
tracks of . T ' - egion, . the nonepnts are in one

di reoti onsi o4 T BN AENSad Pkt Slofib LPds Snictle A o ot fesdioSfe
sequence afaghetieifieldalifisient fohdat théiendgnetikaticn HiREMBNLST thierlhaghdier of the
magneti c nenory device 100. The controller keeps track of the |0Ocation of

t he domai FFYURT I¥%°Pﬁ dirgEtien aihe rinsdq YaReElgN andsovgite s mepnetiebiiat a bit 45
can be determ ned by passing a current fromthe upper track through the
data bit 45 and the lower track. A large value of current indicates that

t he resistarod |6k 2 He Witing sf thevmagnetia tegichot@imheahaghetid fileckoand the data

bit 45 are_in rallel, A snmall. val of current indicates that the

resi st anc8°¢tM ﬁ%‘ y fhe sangpna %Iotjﬁ@ rBBQ:%ﬁ"WﬁBQ'”QH@'QSrH@W thadlanmain dealh
bit 45 arp @ettizdey i i i hA W track is
known, the directi o%blé?\h?t thhg é(}gﬁn%]{enhﬁgﬁddfﬁh%%g%(ﬁpge g?(g@gg bi(anli})\{] ﬁﬁe data bit
45 can besfonage layer 18Amet hod 900 for reading a data bit 45 in the nmagnetic
film10 by the use of a magnetic tunnel junction is described by the
process flow chart of FIG 9 in conjunction with FIG 10 (FIGS. 10A and
10B). As showanbthdr! ot L Cti i 0N f .
pur poses of reading ﬁ%ﬁg&?@ﬁﬁﬁ@b%ﬁt&dﬁﬂﬁﬁ%{s%%wHSﬂ%E%é tﬁé ”ﬁ%ﬁe“r?é'& from
one or bofrngatg tield figpenlyanne dawein walafrem 25inatedtrdds eitresppoie\Rbglow the
addition tqo th storagﬁ fi,lhmitself. The tracks 25 and 35 are separated
from t he TPEPEYE SH'P imt B writi ng points where the track cones close to
the storage layer by thin insulating Iaigrs 1080 and 1090 which formthe
insulating barrier of the magnetic tunnel junction. For ease of

fabrication, it is preferable that one tunnel barrier be thicker than the
ot her tunnel barrier. Since the resistance of a tunnel barrier increases
exponentially with the thickness of the insulating tunnel barrier, it my
be difficult to formtwo tunnel barriers



wi th approxi mately equal resistance values. 32 In practice, however, the
tunnel barrier resistance is extrenely sensitive to the norphol ogy of the
tunnel barrier |layer so that even when tunnel barriers have nomnally the
same thickness) their resistance can vary significantly. Since the

nor phol ogy of the tunnel barrier depends critically on the structure and
nmor phol ogy and chem cal conposition of the undeg%ﬁ.er on ich it gr own,

[
the nor phol dg¥1@ndAt the aaretiilim 10445 shame @s& UoyR 78 LHEP?‘it%rPeaogo,
which is grown,.on top, of t t ; [ t e
t unnel baﬁﬁg.@ﬁ“&&%, ee/ﬁp,ﬁg o@i%&rﬁf?%%”?r@t%glb@é@t 'Eemir%%én@ ieéhgf%gtgfi | m
10. For 't o@é’t’iﬁE?ﬁ\@ﬁwaphéﬁ@filhﬁéi@BLthrbhght1l@IEr,ledasptwtiwélqrarﬁ)ﬁﬂnpésemoﬁ/m as
bei ng thicker“than the tunnel barrier 1090 in FIG 10, sg that the
r esi st ancenultiple sectiansefi mpgnetia BataTal gaeh BistiReoMRNE 3Peagneti ¢ track
35 and the upper magnetic track 25 will be dom nated by the thicker tunnel
barrier 1080. Thus, the ferromagnetic el ectrodes of the magnetic tunnel
junction ar e drasaRehlér samiitbieateddn E1Ge 1 Brthernagnetic fillve 10 jrecompeiskd 262 and
the magnetic material in the magnetic ,st,or& e film10.since t@q qﬁziﬁffnce
of the tuseses pliappiosimatslycaicalaty{erelipticalyy sheredseeipis: 'Fnd'at Vg Tyer
1080. Therefor.e, i. i I ; Iy wer1i neRl #93,ng
| ayer 1096,%@2(13.@&#.[{@%2&“@?@@@ ﬁetsrﬁge?mi(/?§ o@gé}ﬁﬁﬁéssié %ﬁﬂiogant Iy contribute
to the registrnisited aldng, bndmibngdinithi each Tedumagasd i ovdiafegitingrieyicashe
data bit 45, which is represented by the left directed arrow 1055 in FIG
10A and t méthin ﬁlﬁwmmg&@@@?ﬁﬁg&ow 1065 in FIG 10B, is read as a left or
right directed nmagnetic nonent, as shown by the block 905 in FIG 9, by

passing a snmall current through the correspondi ng upper and | ower traicks 25
and 35 at whbsesesaxtonpdioit 10Re1haee pifficiantly lasgelda containd enly &PEMBAIYIS he

current path i ho by t. i i : ar i 21in
FIG 10B. ﬁ@@‘&f?%%]d?ga %Q&%WE] %ﬁgzﬁg @pﬂ%lpé?%@'ﬁrﬁi%@?ﬁ%ﬂgﬁﬂﬁﬁe upper
i nsul at i ngnagnidic fABOFhe MagHetic bindodahat bitendio théwerygitgeseof|toewsnagnetic

i nsul ating layer 1090, and al an t he I,%\ger tr.aﬁg ﬁ@ as sgown ti@ tt}ﬁebl ock
910 in FI Gections,orthaf theoviing ieles Fequtitegrtogyriteriae P ALRMCH A e HE Pt 'HCni ¢ 45
is shown dﬂg@r ' st ith®dedorishe0 1TEI@2Et 08. dhwj N in
t he upper %{%rt%gék eﬁ%ﬁgrbwgﬁfgﬁgﬁaﬁﬁﬁf t he magnetic tunnel junction
Wi Il be | ame anabridtie sectiornt 01,0812, WOBIdobrotineegeto bespiacisgit aligned Wih Hieock 940
in FIG 9. By contrast, in FIG 10B he netJ ] Jof bit 45
is direct é@réSBHBd‘PHéJprpF@ﬁp%%vf’erd??@@%ti'co“ggﬁsdg%gs&g%{a?g‘lét?]aﬁafczlleseggbﬁ hat of
the magnetd,gkifgTmé fabrRatibie o PREMehiorg Kesicetrhech st arasieofartchiessmgnet i ¢
tunnel junction will be high and the current 1060 will be small. Thus, as
i |1 ust r at expeysiyedban 9ompRfAEE @EVigeSt he data bit. is deternined to be a "1
". The current used for reading the state of the data bits is nmuch smaller

‘than the current used to nove donmins along the tracks so the reading
current will |mie @hbedimenhélustrates héreime skaies diinsulatingelayetsubiB.current used

for reading will depend on the resistance of t | 4 4 i L ch is
desi gned tQS’TE?eSF‘-’@Ugﬁ'?éF%Pﬁ P%r aﬁpgq{eﬁcp.rgge R t%&ﬁ%ﬁﬁh%@%f@%%p%@?% "1 ower
tracks is tﬂsgégbﬁi BEL a9 8eteh@ bieh6nd B5d HGRES 6f Bie hhgnétimeetiopsret | 602,
Simlarly, the higher the resistance of the tunnel junction, the smaller

will be t D3 @ndenay kisakiengontintous hextandiag fifm cngectipy iR Bnether FEFURY from
the array of upper and lower witing tracks. In this enbodinent all of the
tunnel junctions associated with each data bit are connected in parall el

wi th each ot hers oxibRt SaAEIAGE CIEE @serds dratheatbthitedgthdcef fdatieathirt offtbe no
| onger than is necessary to get enough signal to dgésr({g ne Wnetgir t he
tunnel j uncegoetihaemrzortidghicer1 10owFHESERNAIS: Eg |RYEF §SMATREY &0 Phe
energy needed. to read ,on it oY ; r fiepence
resistors WQ‘?FW@?Y ?'I%‘%ds"ﬂ‘ﬁ% {?\grm?gﬁ%t&t mﬁ%éé#@ﬁ%?@gf th E’eﬁ%ﬁzg%o‘ﬁmggy with
whi ch the fesiséapesver thbhsiddas gortibh of tinelaghetic seotitsisc i, HO2c 66 thradd.
Thus, in the nenory system 100 descri bed herein, the J.is fornpd fromtwo
hard magnetouchltes epeer Magnelic taeksodd. o0, thEorme hetteing ARSI PR3 Upper
‘track in the witing device 20 can only be altered by passing current

pul ses al ONYPPRPS track. The nagnetic nonent direction of the data bit 45
can simlarly only be varied by being supyect to the |arge nmagnetic
fringing fields provided by noving domains in the upper



and |l ower tracks. In essence, the magnetic domain in the upper or |ower
tracks provi.des the reference magnetic nonent and the data bit provides the
storage magnetic nonent. 34 | f necessary, for larger read signals, the
resi stance of the MIJ forned fromthe nmagnetic domain 1025 in the upper
track 25 and the nmagnetic data storage bit 45 can first be read by passing
the current 1050 through this MIJ. Then, a current can be fpassed al on the
upper track OcSifdaeinssiatingriayer may retionalyhzaats e undgrsisieeoidbeisections

t he di t fr t

pei ng 1 of t10%d Bhongs PR o Ry lavBEridl e Rith HiuinedBodPHEE Ry @Hhmm
is read a ammntltmrméwumalraldmgmude rleewengr, buts e tHehscutiaRs ting, M3,
However, the resi stance will now be high because the direction of the

d]?rrai R i 3 hecorypisy a singladata Ril and idarseet with onky o uBperktrack ard poe laveer Eat
concur r enti 4 p e {otierPRR idy. Be T ElcEical cBHhel Rfip 86 Mad el S RURT Snetilee e

domai ns i ristladon T bichaskn tid maghetihaagidrgatidthamgRe triack 3¢ ﬁé@d@i. the data

bit 45. Thus, this nmethod of reading the data bit will give nuch higher
signal because this nmethod only requires the difference in resistance of

the M3 to beisess st 2l ohbBaiAbA iho el RIIad icafebiier e

resi stance o the i's 1ncrease ecrease ron of the
magnet i zatmagneiid filrm106Gés vagpesed oflarseriesiof appximptaly taaakgulsrly ever sed

The material, form t he netic film C ri sed of gne aor

nmagneti c |(Qbgwtlve&%%ab%gagp@gabfortw C#B%r %‘E'fag’rg%ﬁ'}?PﬁFjeqe@HB'%%d e501 Q‘ha?toﬁ he
magneti ¢ f{dgmirdiemUupBRgle a@@bnsmawbem%w Wﬁ@é@n%eé@%e&v 5 1641%%
smal | magnetic regions, whose size is largely deternmi ned by the spati al

extent of t0fcareoMairibuied alongiangi aligned evithseachuoluran’oing "rewf’ fof eiriging deivines
h h h
ther mal 1 \EHaApE yTBREREN 20, 16T sEM kB A as S alito Hhe™ 1885

i's too smaddriespbadnimishipeltd, srldi srasfornsd ahntHeudddtiehenb4engs awet the

operating tenperature of the device that the nmagnetic nonent of the
magneti c regi ons can overcone the energy barrier provided by the

RN - o1 S MPARLSEICRRE Bl EaTBONELY BB RLIF it U RO cageet i ¢

region. Thus, thet terirals and structures used f
.density nﬁgaxebedlnnltﬂmmf&ntentrted! regian whgreethieaippec tradk®§5d86 kodrd mepioxarrety

sui tabl e. to the magnetic sections, 104, 105, 106. Alternatively, the layer 15C may be

contiguous between magnetic sections. A corresponding thin insulating layer may,

optionally, be disposed on the underside of the magnetic sections 104, 105, 106.

FIG. 1D illustrates another embodiment of the writing device 20, wherein the
magnetic film 10D is comprised of a series of columns, i.e., 107, 108, 109. In this
embodiment, a series of insulating layers 15D, correspond in shape to, and are
formed on, the sections 107, 108, 109.

FIG. 1E illustrates another embodiment of the writing device 20, wherein the
magnetic film 10E is comprised of a series of columns, i.e., 110, 111, 112. In this
embodiment, a series of insulating layers 15E, correspond in shape to, and are

formed on, the sections 110, 111, 112.
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An inportant difference, however, is that in the nenory of the present
invention, the materials formng the nagnetic storage film 10 are not
limted to polycrystalline materials. Crystalline materials may be used to
formthe magnetic film10 wherein the crystalline materials have an _

ani sotropy d\r{ ﬁ&‘h‘ {8 ABARGEnR SREAVIPIEFIES, em bAd 1\ ﬂwbldbrﬁé%ﬁoﬁ&ggahsmafmg m
For exanpl e e nagnetic easy axis may be aligned al onge e direction of
one set oflayerecioD éﬁ@ﬂSEnaap,lmthdmham\kze hméedmglﬁt:ﬁra xtenitoby regign of
magnetic recording disk drives th etic bi re witt

ci r cunf er eese BIONMABY PHhet YRRET das ES aﬁﬁSB@ ”ﬁg@e&r‘ﬁéﬁ@tqr@@f fi&qggloﬁﬁ%é%

ani sotr op ! Y SithiidHyn tihdle rRa@Ben@ly ididenmetiat i c
medi a or t%ﬁéﬁt‘@tgd&n ??g](bzt %bn Ege alYH|1 neyg eit herﬁal ong t he di sk
radi us or |ﬁ‘sl§|bt|bgIéy@m@ﬁﬁheaﬂwémurf’&Eecbeke lcactesusondnh@ s1qgnett saekonshe use of
crystalline magnetic films with a well defined crystalline axis al ong one
given direction. It should be understood that the present invention is not
limted to %%% RS cTRAERL S cehfrisedioientlienmaghetibe
magnetic fil trdl% ?Btﬁ{éwﬁrhﬁents OF t he magngﬁ c filnmse 10 may be oriented
per pendi cudeutions, theeseptians acs suffieiently targe tikatribey baBavoila an ARt ng

fields f the .d || the t
have a s GRPENEHAIE b Byl EgRel e duty Relsibhaf FEHbRG! B °To ¢ he
surface of mtaﬁﬂeﬂ@%&‘dnc i rtﬁ’é dEFH"IEH ishiap8 dndembrorolayy dftihe edybs ofitiieeséetion,

conprising t desi gned to have perpendicul ar magnetic
ani sot r opydo antjlrrﬂaanmthﬁ\ystlm pf the lGdIVMIaiIHTa,gé‘?H@ pithecontjane i ieecase of

enbodi ment s_of uct hacl |l ustrated by
FIG 11 (F?Q%’eni'?ﬁa ST’{‘h%‘]d'Q'P/H Q@?t | I m e&rg:@srgg%r@fr ucted using a
filmof one magnetic aIon Magnetic film 10B is a granular magnetic alloy

d of t t Thi t b
ioelul to dednBaddriee. Sr saniCl HARrAPBIRS sPikp o Bomairo R AT WS TR m

10 when r eﬁm\%r}ﬁ f.ggasdgg ﬁsﬁ%‘aﬁr%ﬁuﬁ&iﬂh%ﬁw thENSred6nt iInV&iont #NGE3A aholie il ane

of the film rger “than the resistance perpendicul ar thr ough
the film semaptdnxeldylernrfasna@quctmahenaAW‘rﬁ‘t\@(hllchéhgiféﬁtﬁ at thej wiindoslein&dits o

be used. F exa be a f ocTegTcl Rinsal
with hi ghe%ﬁ‘é@ﬁ@ p&'s‘?t% ‘é’@? Fm%)'}'ﬂ'ag‘ﬂg éj%ﬂ%ﬁg§r6?taa®g 38' n@netl c%gﬁgﬁést ot en
- has enhancgglefRENESAF oppositet dirRYionfalongnpeavaxig the read performance, it
may be particul arly advantageous to formthe nmagnetic film 10 from a

material that has a nuch |ower resistance perpendicular to the |ayer than
in the pl anerﬁ%@b?wg Y &h ad B W(Caal'?plr@pre‘séntr@)ha@‘ﬁeﬂé aianesd of aipors, aridhe
magnetic fil rom a ranuP mat eri al conprised of magnetic coI umar
grains thatndeoatertmta‘l nmgrteheaﬂnmmélremt@nshEhQmﬁg‘neélgrnﬂ%!@@@tsdf‘ doreaiR B0m PRV but
that are el ect ol at ed rom ong £ Cit kO I
to the plalfl rlg F.‘I@ ﬁqel@ggng ?”%%ng%&‘%m ) ?Jgﬁ"’lt% FRCEHOPHE YO iR

ese colf umar nmg netic gral ns

may be i So{n/%‘il%@oflé(?ﬁ‘é B&tfibn f WAIch dborh&igs |3a0e 805 odbpﬁ@ﬁ:ieqmmnyaneemé'hbatl ng
oxi de, such as alum num oxi de or silicon oxide or nesij .um oxi

i nsul at i ngchange demagoetizationdvaiweanmomain i3geé. anﬁlﬁféma ! G 'ﬁscﬁpﬁ?mﬁ%teadf‘erl
e

axis of th grains'rs or rpendi cu ar to the
surface of fhhetHEEnRidecofithe naykdB. Magnetic film 10C is an artificial,
antiferromagnetic structure engi neered for inproved stability agai nst
thermal fluctuations. For exanple, the filmstructure may be conprised of
two ferromag nsﬁﬁttvl/rfﬁfﬂ@&iﬂlélthe:
coupling Iaygﬁéﬁeléwaf%%géﬁ%&? gp?%%%én %ﬁg@@@% f'éw ? %/ 1110 can be
fornmed fromirgingficlduB @loabhmdsarammmmatb@dmver aJresgloer@ éoit exaBNAE5, 185 and
6, 153,320 or with C and various ot her non=ferrom etl

described PRP®ENaledy dRP nm 3aihqw'm?ﬂs'aﬂﬁ *ﬂ%@e@'ﬁﬂg@‘ i”%e éﬁb&ﬂ@"ts%
11, the magne hetignef out-of-
non- magnetl% H';{;d\/eérzggfq ng?e)??énun%]%sﬂgngt%l it Flﬁéeg%j({:rﬁg%te%e data bits it
nay be adV@!Hxﬁlﬂ@@mcéOTﬁ@lfrr‘ng‘,lﬂi@flalﬂpetalmldchhﬂmirmshefzwbr@Qtl@lTl ar*rﬁfelsrragnetl c
filmfrommagnetic material which, in conjunctiog.wth Q?ﬁ

i nsul ating caaeentéated@ymarlhgir\/%éew%@f?BPW#X@HPE?'VSEQ AMHEY tﬁ?izz%lda 'BRnel i ng
current. As an exanple, MO barriers my used in conjunction with Co-Fe
all oys. Thus, the signal for reading the direction of the magnetic data
bits will be maximzed. As shown in FIG 12, a reservoir for storing bits
in the tracks of the witing device 20 is desired for optinmal performance.
The reservoir may be of varying sizes, fromone domain to enough length to
accommpdate all the domains in the data storage region on both sides of the
data storage regl on. In FIG 12 a reservoir is shown on each si de of the
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In an alternative embodi ment for the magnetic nmenory device 100, a magnetic

menory device 100A is shown in FIG 13 conprised of individual registers
1305, 1310 that wite individual data bits 1315, 1320. Each register
represented by register 1305 is conprised of current |eads 1325, 1330 and a
magnetic wire or track 1335. The track 1335 is conprised of two domains
1340, 1345 and one domain wall 1350. The fringing field 1355 emanating from
domai n wal | TIesg fripgingffieit cempopehtsriBe By amdi Bz ateovergthighirt thE3EGionTdkthe
current |eads. 1325, 1330 are de . etic terjal and are of

suf fici engom@f{b‘fvﬁﬁtsgﬁaépd ?gog gﬁé%'@;yrwgfstt@wnﬁﬁ% ﬁsd%am,waib&@- Cur r ent
1360 is apphsegudmiyt Bt @i fEld 1R ' iR 66 forlpsod nto the
regi on of the %étayﬁ)it 13%5@% ?scﬁgés@?dﬁ’e‘{ﬁ%mu%@?y Hggé??l ngi tr?g field
1355 wri t agnetizéa stgoad hagriditomateial oua seall 1a882etregiomves the fringi ng
field 1355 out of the region of the data bit 1315 once the data bit 1315
has been witten. Each of the registers 1305; 1310 is controlled
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pl ane defined by the magnetic film 10. The magnetic film 10 are

di sconti nuous and are conprised of nultiple magnetic sections separated
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these magnetic materials for within these magnetic regions. Depending on
the properties of these different magnetic materials, the domain walls wll

have a pref dnéiBagrelig@omend degciion akthegiomaias isanmeeithes aenavwhenditantion
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by movi nd”BH@”;? af%%"’ﬂﬁﬁ'%‘? 'gek dHeCeHormai n wal |'s over the magnetic region
to be witten, the nmagnetic data bit can be witten in one direction or the
opposite direction. The wite register is preferably |ong enough to
‘contain a Stoetige 4@ ef theiwritfrgr deies fordoitimignd ataldcsotding tretheefresemd ri ght
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contain one domain wall, 't mal n wa ringi ng one -
di rect i orfiedds argesizivdeinod quiescennpisitiomiithianbe ahamgticheackpnasidee diiteect i on
on the other side of the domain wall, as illustrated in FIG 3B for the x
conponent of the fringing field associated with the Neel type of domain
wal | shown in FIG 3A. Thus, when the inwall shown in FIG 3A is noved
over the magnetic film 10, the magnetic data bit 45 is witten in one
direction when the domain wall is noved fromthe left to the right along

the x axis. As shown in FIG 3B, the magnetic filmis witten in the
negative x direction, i.e., its magnetization is pointing to the left.



However, if the sane donmain wall is noved fromthe right to the left, the
magnetic data bit in the film1l0 is witten with its nmagnetization
direction pointing in the positive x direction (i.e., magnetization points
to the right). Thus, a single domain wall can be used to wite data bits to
both the | { o f t f n wal |
(left to rr?gt?t“ or pﬂG ![3%\) OIrFHET l{[ﬁgg{(lggr@sﬁmg rger% l?%ér:st%wg\??tgf%fs Thus
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order to write a magnetic data bit in the left direction or the right

di rection. et e read
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rel ative ﬁhﬁd’@ﬁﬁﬁ?g'@f‘ 510r§e( FiagpSt-ers 1505, 1510, 1515, and 1520 can be in
any configuration as desired to achieve the desired aerial density and
still retain the ability to apply current to the registers. To operate the
magneti ¢ menbi§. dBshows1be dotrieen eiall GZStatyarcioteymiesiete ponitiad dietween the t he

readi ng and .writin | ene , = h0gi.c, and. ot her .cir.c a variet
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conpri si ngiata bitegiletol poifti ihrhe GESltaﬁstrecﬂm witing el ement conprising a
track disposed in proxinmty to the magnetic film and wherein a data bit is

selectively witable into a data region of the magnetic film using a
fringing fie f i 1 J

change a di rggelc@g@g?s gwngﬁ%g??e‘é?gnghn%n%Ilr%aottt@eﬂ%g??ztﬁgéﬁogﬁdﬁ@lg%g¥®a¥%
storage dekatiedtingingifields SWaneBﬁOtehIe raholedh fbnothe regioni sfgheldatebit 510.
conprises an upper track di sposed above the magnetic filmand a | ower track

di sposed b@l%WanQ higldheBP co90 may be refyaed de éh%t PHAAROSHAN elemeree futher2,
wherein a rIres étﬁ)eet?édk\éej@() %gt @'%ﬁéb??)o a data region of the

magnetic fi m er's the upper track wer track cross, using
fringing fields from magnetic domain walls in the upper track and the | ower

- track.
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4. The data storage device of claim2, wherein the at | east one witing
el enment conprises an upper track and a plurality of |ower tracks. 5. The
data storage device of claim4, wherein each of the upper track and the
plurality of |ower tracks conprises an individual rmagnetic wire. 6. The

data stor ageTﬁé\Wrﬂﬁ]gode\ﬁé@frmg% 8E 30 éH&GSW%alhrlﬁ“cllbs%'}Sjrogmt)p{;]Hﬁél ity

of lower tracks define a plural |ty of sel ectabl e data region
magnet i ¢ frmagmetc filmh&0 &Ht@%taonmjentd@vacmedetemﬂnmed Reriwhef tiha, thiae isat Ieast

Crack | oo SriENR AR S ARt BYD B e mBenrRE Bim URSTER miimifideror: ne
plurality fﬂﬁgl%@ﬁ@]dé 5@@5%@5@ thBEis!| PHREJ t6 6?{% l‘[ﬁ?gﬁ’éésg%?m%@%ly'\%%h qur ality

magnetic wire. 9. The data storage device o erern

of upper tdcaeas vmib tranks| GAleand p4Q larel&f proxinaityptauthal inagnetic steragﬁblm ¢0dat a
regions wiwthin the magnetic film 10. The data storage device of claim 2,
wherein the at | east one witing elenent conprises a plurality of upper

tracks and ajfgheidatd by 590 id @BE V\Iritt@ﬁkﬁlth a1=. hFPrﬁ‘ag%hé nrREACS cﬁé‘c\(é@ﬁb ck

claim 10, wherein each of the p uraltg per  tracks and t ura
of | ower t41&cmtb@ﬁﬁﬂpﬁgcwds t@oblocpldd; Makgjoét #40 v cerreat?5 157 lseapmlted tettbeage

devi ce of | r.al it er tr and t he Iurallty
of 1 ower (1220 ke INARR ) B P B el e e BB e85 Btotmn B

magneti c fndgm;véaqrEbﬁordgﬂ@c}sn%)age device of claim2, wherein the upper
track conprises a bend; wherein the |ower track conprises a bend; and

wherein the data region corresponds to a region of the magnetic f| | m wher e
the A fringing-field 560 is shifted within the write region 505 (FIG. 5D). Concurrently

and in a similar manner, a current 545 is applied to a track 540 located below the
magnetic film 10, oriented perpendicular to track 520. At data bit 510 and only at
data bit 510, track 520 and track 540 are both in close proximity to the data film 10.

A current 545 is-applied to track 540, moving the fringing field 565 within the write
region 505. The tip of the current 545 shows that the current is flowing out of FIG. 5D,
SE, 5F. The magnetic fringe fields 560 and 565 write to the magnetic film 10 (block
450), changing the direction of the magnetization of data bit 510 to point in the right
direction. Currents 515 and 545 are then applied to tracks 520 and 540, respectively,
and the domains are moved away from the data bit 510 (block 435 of FIG. 4).

In another embodiment of the current invention the tracks 520 and 540 in FIG. 5
are fabricated as straight wires without any arch-like bends. This means that the
magnetic storage film will always be subjected to large domain wall fringing fields

even when the domain walls are in their quiescent position.

In the embodiment shown in FIG. 5, in which magnetic regions are written by a
) combination of magnetic fringing fields from domains in two tracks, this is acceptable
although less desirable than in the embodiment shown in FIG. 5, in which the arch-
like bends prevent large fringing fields from impinging on the storage film except
during the writing process.
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bend of the upper track and the bend of the |ower track cross. 14. The data
storage device of claim2, wherein the magnetic filmis continuous. 15. The
data storage device of claim 14, wherein the nagnetic filmis unstructured
so as to render the |location of the data bit non-localized. 16. The data
storage device of claim2, wherein the magnetic filmconprises a single
magnetic |ayer. 17. The data storage device of claim2, wherein the

magneti c fil Mheomppedies of the oragnietip starage fibm i 1@prrskidnentidting devicaydrare 43

ol ural sty SHOSRE b s g 8o Sindtd BRRely Y ERBL 5 RrElo dhhae
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the fringing romthe magnetic domain walls in the upper and | ower
tracks are coincidentally noved toward the nmagnetic filmto change a

direction of a magneti c nent iin the t L0 fectivelv. witin he
data bit to t'ﬂ@nﬁa}fﬁ&r’?@wﬁnﬁﬁi’ %anﬂéquaEa(r:E(?%r%eg%)e&ﬂ%@mg]rg{%qpaq%i@qg
wher ei n t hg) SRYNELACEER BI0arakbfacBtSyitiPYAE! RtrdAsghetE Blovkd il Hangwaemt in
at | east one of the upper track and the | ower track. 21: The data storage

devi ce of thimiaye2625wWH20 i formad afton df shefarepryagnaiicdyapts 865 &% irst state
and a second state; wherein the data bit assunes the first state in

response to the current being passed in a first direction; and wherein the
data bit assurmsthihRyseragkdstoaieteintine eisp epseing of thefanrdntagreeticwloekd 6 b&i ng

passed in a second direction. 22. The data storage device of %a'bg) 3, .
wher ei n t h82@H&gretheemaenalinfiviaPsSivee the Wilpe dexg ﬁ‘t%é et RISkRr g e D o
plurality LS o Ta i b St af;
Parked ana e 20gaplilth MEREIRLE iftn 16 FAEERL ooy wiqtnEamBp A
fringi ng fisedidigedintoctectiohs uemespandingteeond ntadypetiabit, agghown iREIGThé Baand

St devi f .clai in t lyrality of tr
connecr ed. 1Bttt 1aveL b2s AE b fimRaitionar nSUate MatsiRie ARl Srer s
regi ons defheslido v@ihﬁ'zH@iﬁQ@lbliﬁg STl thed 4\ FrUrRisTTRYE eitingaRivivey 28R psisthehe

data storage region. 4
magnetic film 10.

The domain wall 635 is pushed to the middle of ferromagnetic block 615 by the
current 640. The embodiment shown in FIG. 6 may be easier to fabricate than the

embodiment shown in FIG. 5.

In a further embodiment, the homogeneous ferromagnetic or ferrimagnetic
material in the writing device 20C can be replaced by inhomogeneous ferromagnetic
or ferromagnetic material, as shown in FIG. 7. Track 705 of the writing device 20C is

constructed of alternating types of ferromagnetic or ferrimagnetic materials.

For example, blocks 710 and 720 are formed from one type of magnetic material
while blocks 715 and 725 are formed of another type. These alternating types of
ferromagnetic or ferrimagnetic materials serve to create defined regions in which the
domains in the track 705 reside in their quiescent position. The magnetic moments
of blocks 710 and 720 are aligned in the same direction, so that no fringing fields are

applied to the magnetic film 10 when the writing device 20C is in the quiescent state.
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24. The data storage device of claim2, wherein the upper track conprises a
bl ock of magnetic material selected fromthe group consisting of
ferromagnetic material and ferrinagnetic material; wherein the | ower track
conprises a block of magnetic material selected fromthe group consisting .
of ferromagnétritingrtaties meEgretid filrert0 issgneed oublay erdving thendomairwalls albegdat a

Uppert 1 adRS BIRBNERE B ARy PasSing Acmeth alor (s Fads When Bedoreroials
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st orage devi ¢te of claim2, eln the at [east one witing

conpri ses phopergiirendion alegmtte trackal @,ithe coelespordingrdamaihevall 63pocddsiist i ng
of ferro net.i.c terjial and ferri net i terial. 27. .The, data storage
Gevi ce. of Tepuatnte e uiiBn E0ike 40 WFRSE T fafk 15 Puidoss Bl tEahiie sos " °°
I nhonogen STRANSL Il OfAt K dii
ferromagngﬁl mat e'?]i1a' Zﬁ%?f}fagrﬂrr?%ggﬁgga?@n%gt grlégl%n&gg%ﬁgﬂgg? ad'gtgi)érhfzgge

devi ce of vabth imtBe pndvamitiyrof dibe Hetestegiome740, schihat fpedomaircwab prefeeatbipwer

ack, 1 SenniLcked ol ek o EXReRn L ATE S ATHSHA liobci o
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domain walls in at |east one of e upper track and the |Iower  track are

pi nned. 30. The data storage device of claim?29, wherein the magnetic

domai n wal | s,in_at, | h " . I I are
pi nned by i négﬁ?%ér? Sﬁ@ﬁfﬁﬁ%{aﬁs(ﬁ)&?&f §5§1%p\§ﬁ%3%?8%ﬁ§@§%§fs o&‘ﬁﬁ% @%%ﬁe | ower
track. 31l.sichhér ldaed tratRnegealde\Wecadddd. hid Inwdr tisleR meay bt pdsitrpeetdtanf i | m
conprises an
P angle to the upper track. The writing of the data region 740 is only carried out when
this region is subjected to a combination of magnetic fields from domain walls moved

to the writing region-in both the upper and lower tracks.

It may be preferred that the domain wall in either the upper or lower tracks is first
moved to the writing region 740, so that the region 740 is subjected to a first
magnetic field. Subsequently, the second domain wall is moved to the opposite side
of the writing region, or is moved across the writing region 740, without stopping.
This method may be advantageous so that the timing of the movement of the domain
walls in the corresponding upper and lower tracks is not so critical, as when both the
domain walls in the upper and lower tracks are moved concurrently through the

magnetic writing region, without either stopping in this region.

In one embodiment, the domain walls are moved so that they are situated over
the data bits 740, 745 for a time determined by sequential current pulses. The first
pulse moves the domain wall fringing fields 730 and 735 near the magnetic fiim 10.
In a similar manner, a current pulse moves domain walls along a corresponding track
below the magnetic film 10 so that the fringing field from the domain wall below the

magnetic film 10 arrives concurrently with that from above the layer 10.
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upper surface and a |l ower surface; and further conprising an insulating
tunnel barrier layer that overlies at |east one of the upper and | ower
surfaces of the nmagnetic film 4; 32. The data storage device of claim 2,
wherein the data bit that is witten in the data region is read by passing

a reading CUBRRudiMbARneBRarivel Biheldorhii WAleand RGkadsaalaled TEintgs

with the data’region. 33.The data storage device of claim32, wherein the
data bit ifeldedhe lgngteas timenfgr svhictythet ¢ambined dieidbtiowr thettoraain avalistis l@geThe

dat t devi .of  cl ai 3, wh ' i [ [ ' '
data bit e toaredngrramatcsey il ineeddied ek betiRBladtuiioon.
35. The dat F?a\f)ef afiBfht ‘éfj}éhg@is% fﬁ@@ihaﬂﬁéﬁds HERNBE Pwd RREAANATREMIVErd B&6ii on

of the data I's I ndicative of a“second resistance value of the tunnel
junction. tBe.layer tht Bhe dormayewad\fiingingffield eambg3eadityevasiad githertbiyrwrying

Vel e of thE RIsiel SPiarelpaar e asteamine T ALotl P AR npRRUR IC
wher ei n t hgedRhgndtid mfatbfﬁal ifr%n*{\ﬁv][hidhetheitfhckb%rélifé@rida@éﬂl BNbY Yafy@agtiyshassi ng

a reading current in only one of any of the upper track or the |ower track
t hat crossasd sizeHethethitknass agt ovidtrg®f thentiaeks a st or age devi ce of clai m 37,
wherein the data bit is read by neasuring a change in resistance of the
magneti ¢ tunnel junction surrounding the insulating tunnel barrier |ayer.

39. The dat a|sbabaEe chUdiRehi, thé Mdgndticwbgioas or doendimp@n 0 and 720nean be acks
are di sposed at an le relative to each other._40. The data storage

devi ce of W@biﬁﬁg,aﬂiﬂwﬂfgf@ﬁﬁ frame oppFBRANGTE MalRsial -t Thecmagaetic rapRs €40 8nda

right ang F28 ?Agaettﬂ]é(rear{a%ﬁﬁ‘&}j"frgwgﬁ alternate magnetic material. This pattern may be

' repeated throughout the track 705. There is no need to have a means of proViding a
pinning potential for the domain wall directly above the magnetic film 10. The writing
of the magnetic film 10 can be performed by simply passing the domain wall and its
associated fringing field near the magnetic film 10 without stopping the domain wall

above the bit to be written.

In general, the track used to provide the domain walls for writing the magnetic
bits into the magnetic storage film 10 is designed so that the domain walls reside at
well defined positions away from the writing positions in their quiescent state. The
positions are defined either by shaping the wire, for example, by forming notches,
where the track width is slightly reduced, or, alternatively, by protuberances, where
the track width is increased slightly, or by forming the track from regions of different
magnetic materials with different magnetic properties, for example, different

magnetizations and / or magnetic anisotropies or by combinations of these methods.

The embodiment in FIG. 7 shows the use of both notches and alternating
magnetic materials to define the positions of the domain walls in the quiescent state.
The choice of which method is used may depend particularly on the method and

ease of fabrication of the tracks.
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41. The data storage device of claim1, wherein the magnetic filmis
patterned. 46 42. The data storage device of claim4l, wherein the
patterned magnetic filmconprises a plurality of patterned nmagnetic
sections. 43. The data storage device of claim42, further conprising an

i nsul ati ng | dyadditibato tateicating tiaé traelasb tatethidbendih Wdlg resideedt pRetidagmet i c
film 44. The data storage device of claim43, wherein the insulating |ayer
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magnetic sections stores at |east one data bit. 47. The data storage device

of cl ai m AMapheHiseds used ie Grixeithe demaimwed finsa Oﬁﬁgﬁélﬂﬁ? guieseentoratear e

|
some of R tp e vig RIS RL A AESSERN EGuBn BiBe R B i P, o
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the pluralit atterned magnetic sections are circularly shape 50. "The
dat apstorétf’e éiﬂ %qeneseﬁahpﬁ&ﬁzon Vﬁ@r‘éh'ﬁhéheldé’a“ﬁmWﬁﬁflﬂshmqylearcalthlSy of

pat t er ned RElth& qBRECERNSoSHiGh Bﬁ?ﬁ@@%r%@é@ﬁtﬁ%% nﬁs&?mﬂg}ﬁ data storage

device of claim42, wherein at |east sone patterned

magneti c sections are square shaped. 52. The data storage device of claim

42, wherein E rthgrarlﬁ%res r(re‘:"tr:(:zl)cf;kst251?0\%I éjrqdalacialtoxv t?wfe magnetic storage film can be
designed differently so that one track may have a fixed position for the domain wall
during writing and the other track may not have such a position. Thus, for the
purposes of writing a magnetic region into the magnetic film 10 a current pulse may
first be used in one of the tracks to drive a domain wall to the writing position in this

track..

Then, a current pulse in the corresponding track on the other side of the magnetic
film may be used to drive a domain wall across the writing. position from one
quiescent state to the other. Thus, the magnetic bit is written by the combination of a
static field provided by one domain wall fringing field and a dynamic, or moving
domain wall fringing field provided by the domain wall in the opposing track. As a
result, methods of precessional rotation of the magnetization of the magnetic bit 45
can be used by first applying, with the domain wall fringing fields from one track, a
static magnetic field in one direction and then, using the domain wall fringing fields

from the second track, a dynamic magnetic field in the perpendicular direction.

The detailed spatial variation of the domain wall fringing fields will depend on the
structure of the magnetic domain wall which, in turn, will depend on the magnetic
properties of the magnetic materials forming the track as well as the detailed shape
and size of the track, i.e., thickness and width of the magnetic material. The spatial
variation of the fringing fields can be determined by micromagnetic simulations of the

magnetic structure of the track.
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patterned magnetic sections are elliptically shaped, 47 53. The data
storage device of claim42, wherein at |east sone of the plurality of
patterned magnetic sections are triangularly shaped. 54. The data storage
device of claim42, wherein at |east sonme of the plurality of patterned
magneti c sections are patterned into a plurality of rows. 55. The data
storage device of claim42, wherein at |east sone of the plurality of

pﬁt t Sr ned maghesé sinzdstiormnshew thatdbe eragnetization sapdtionawitoy tbe deorawmmeall 56.
The data storage device pf claim.42,. rein at least,sonme, of the pl.yralit
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plurality gh,CabukMSvard. THEs, dRé %Rﬁﬁﬁro%tﬂbdi‘%’ﬁ eethef darhaintwdll fringfighfdlds
conprising a swtch connected to the track, to pass current through the
track for damebepapiimizeddfy midroinagnetie mbstedingi t . 58. The data storage device
of claim57, wherein the switch conprises a transistor. 59. The data
storage device of claim1, further conprising an insulating tunnel barrier

| ayer di spos F‘rﬁpéﬂicera%éﬂérwiﬁqgoﬁ e EB@RaNs ahé islgh oftBe dDMSaif @t faihgingge
device of claim59, wherein the insulating tunnel barrier |ayer and the
magnet i ¢ ffidlds fayrdependrovewhgihet thedomain wahés dwvingserds strtianevy aed 1ayc ai m

1, wherein,the track conprises a.be 62. T at t i f.claim
L e G SR ST AR S o e U aTE bR
claim1l, viBepeitiAg &Hi@nfam@ﬂélr@?ibhé Mtb $heé! Rsdgnetit etardgs Gilras! O willidupead drtbe
| ocation of the data bit non-Tocalized. 48 _ _

detailed magnetic structure of the domain wall and its associated fringing fields.

The detailed structure and composition of the tracks which comprise the writing
device 20 will influence the distribution of magnetization in the domain walls and thus
the domain wall fringing field distribution. Thus, the direction of the magnetization of
the written bit 45 will depend on the detailed structure of the writing device 20.
Therefore, the direction of the magnetization of the bit 45 can be designed to be
largely along one of the tracks in the writing device 20, e.g., the along the direction of
the upper tracks or the direction of the lower tracks, or can be designed to lie along a

direction at some angle to the upper or lower track direction.

The magnetic material forming the tracks can be comprised of various magnetic
materials such as Fe, Co, and Ni, and binary and ternary alloys formed from a
combination of these ferrorﬁagnetic metals, or from alloys formed from one or more
of these elements in combination with other elements chosen, for example, for the
purposes of providing higher magnetic anisotropy. Since the magnitude of the
fringing fields from the domain wall depends on the width of the domain wall and
typically increases as the domain wall is narrowed, it may be advantageous to form
the tracks from magnetic material with higher magnetic anisotropy than can be
obtained from alloys of Fe, Co and Ni alone. For example, the magnetic anisotropy

of Fe and Co and Ni can be increased by combining these elements with Pt or Pd.
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64. The data storage device of claim1, wherein the magnetic film conprises
a single magnetic |layer. 65.The data storage device of claim1, wherein the
magnetic filmconprises a plurality of superinposed magnetic |ayers. 66.

The data storage device of claim65) wherein at |east sonme of the plurality
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ferrimagnetic material. 70. The data storage device of claim1, wherein the

magnet i ¢ deRMAR WallS alpegdhe tregkse. 71. A method of making a data storage
device, conprising: forming a magnetic film formng at |east one witing
el enent by disposing a track in proximty to the nmagnetic film wherein a

data bit is Jékdugherahg magmeﬂmlmi$ﬂtapyaémmgéﬂgFfvnj_rl@fng Ehgtermg Edd‘e ahd m

using a fringing field froma magneti omain wall in the track to.
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one writing el enment conprises: 4 ormng an upper track above

magnet i c fdamainamalls. ofmé dgmpingisestortaaadie beriariby depimgghetmagrdticrmatédial The

met hod of claim 72, wherein data bit_is selectively witable into a data
regi on of W'ﬁ%{rﬁﬁﬁ'ﬁg?i% r?rier?ﬁ'ﬂh@]’eég]FWé' [Pﬁﬁé‘?"iﬁ%ch{esgﬁéeg Hébl' wetent igRber
cross, usigmgsprioging fields frommagnetic domain walls in the upper track
and the | ower track.

An important advantage of using current pulses to change the direction of the
magnetization of the track by moving domain walls thereby, is that current pulses of
reasonable magnitude can be used to move domain walls and so change the
magnetization direction of regions of the track even under circumstances where
large external magnetic fields are needed to change the magnetization direction of
the track. This is because the method of changing the local magnetization direction

is very different whether using external magnetic fields or domain wall fringing fields.

The tracks may be lithographically fabricated so that the choice of the magnetic
material forming the track will be influenced by the method chosen to fabricate the
tracks. For example, it may be advantageous to form the track from a material which
can be etched either by reactive ion etching or by wet chemical etching or by ion
milling. Furthermore, it may also be advantageous to form the tracks from material

which does not suffer corrosion during the fabrication of the tracks.
The track may be comprised of a single magnetic layer but it may be

advantageous to form the track from a multiplicity of magnetic layers. For example,

it may be useful for the purposes of moving the domain walls with smaller electrical
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74. The method of claim72, wherein the at |east one witing el enent
conprises a plurality of upper tracks and a plurality of |ower tracks. 75.
The nethod of claim74, wherein each of the plurality of upper tracks and
the plurality of |lower tracks conprises an individual nagnetic wire. 76.

The met hod of ' f '

pend: - viherBRT oAy e er ikl cb Iy b B8 50 MR kg eORLARY 1 er o
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because they will lower the energy required to move the domain walls along the

tracks.

The pinning of domain walls at particular locations along the track may be
effected, as shown in track 805 of the writing device 20D in FIG. 8 by introducing
indentations (or protuberances) 810, 820, 830 along the track. The indentations (or
protuberances) 810, 820, 830 are placed between domains 835 and 840, 845 and
850, 855 and 860, respectively.

These indentations (or protuberances) 810, 820, 830 serve to fix the regions in
which the domains in the track 805 reside because the energy of the domain wall
depends on the width of the track. The indentations (or protuberances) 810, 820, 830

can be of any physical form that provides a pinning potential for the domain walls.

As shown in FIG. 8, the indentations (or protuberances) 810, 820, 830 are on
both sides of the writing element track 805. Alternatively, they can be on one side or
disposed on the top or the bottom of the writing device’s track 805. The indentations
(or protuberances) can also be protuberances. The indentations (or protuberances)

in FIG. 8 serve to fix the positions of the domain walls in their quiescent states when

they are not writing.

Indentations (or protuberances) may also be placed along the track at the writing
positions as illustrated in FIG. 8 by the indentations (or protuberances) 815 and 825.
In the present illustration, indentations (or protuberances) 815, 825 are placed in
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wherein formng the lower track conprises formng a block of magnetic
material selected fromthe group consisting of ferromagnetic naterial and
ferrimagnetic material; and wherein the data region corresponds to a region
of the magnetic fil mwhere the block of the upper track and the bl ock of

the | over élb@@br&(mﬁwo&?emE@ﬁeﬂ@m@doofoﬁm ldéemREDERGIY 189 8E5€
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consi st i ngerpo mertinidﬂgnmtmg d@\tlee imdy e chefder ofi aragmetriatiomadf eliffssbnt 85 TEe
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conpri ses "%HPH?%%‘GQP OIrg 'fn%t'SfmgtﬁQaEp‘%@? indentations qrygof nNe&Sack of
alternating types of nmagnetic materials selected fromthe group consisting
of ferromagnetic material and ferrimgnetic material. 86. The nethod of
clai m 73, whér anathesemhegimaet, mopgedentation I&:mmpelademg hentnacie mfmaermgmgt iC

d I t 87, The .nmet of cl e| n
R e T DO S PR
| over trackmphiby rrﬂﬁmgﬂh@ dehaedvals @rﬁ@tH’éur@’sso‘M&é@‘fr"héuH@ﬂ@ﬁg Q‘Fééectofthlam
compri ses n%ggggtﬁjc film 10 without ever having the domain walls stationary above and below

the magnetic film 10.

The local magnetic fields of the fringing fields can be very large and can
approach the magnetization of the material, 4M. In disk drive magnetic recording
write heads, the maximum achievable field is about 47TM of the magnetic disk
material. Disk drive development seeks to make the magnetization larger, making

larger magnetic moments and larger fields to ensure adequate writing to the disk.

In the present writing device, the magnitude of the domain wall fringing fields is
related to the magnitude of the material used in the writing device 20. Local fields of
several thousand oersteds are achievable. Consequently, the writing device can
write strongly and reliably to the magnetic film 10. The width of the writing device is
the width of the data bit written on the magnetic film 10. In one embodiment, the

typical width of the writing device is about 100 nm in size.

The current required to move the domain walls along the tracks will decrease as
the area of the magnetic material forming the track is decreased. Thus, the method
of writing magnetic regions using domain wall fringing fields from domain walls is
advantageous for writing very small magnetic regions, and, advantageously, scales
with scaling of the track widths to smaller dimensions for higher capacity memory

devices.
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surface and a | ower surface; and further conprising formng an insulating
tunnel barrier |ayer that coats both the upper and |ower surfaces of the
magnetic film 89. The method of claim 71, wherein formng the magnetic
filmconprises patterning the magnetic film 90. The nmet hod of claim 89,
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patterned magnetic sections stores at |east one data bit. 95. The nethod of

cl ai m 90, dﬁN@lee?Q]btlh‘é'”m%rb&IEfW”)thepé?eraﬁeta'srfﬁGﬂ%t ic sections are

simlarly shaped. 96. The nethod of claim 90, wherein patterning the

plurality of patter neq magnetic sections conprises patterning at |east sone
of the pl urahideyice sipalat &r aethgredicdtnnelingduncting ¢at ge weAd 40 fraciiey shaped

magnetic sections. 97.The t hod of c¢laim.290, er ei r.Rj
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pl ural i ty rodtepat thet neahpriags ettigneling barrier. This tunneling barrier is typically formed

from an ultra thin layer of aluminum oxide although it can also bé formed from other

insulating or semiconducting materials such as MgO.

One magnetic layer in the MTJ is typically a hard magnetic material that requires
a large magnetic field to change its magnetization. The other magnetic material is
typically a soft magnetic material, allowing a weak magnetic field to change its
magnetization. When a small magnetic field is applied to the soft magnetic material,
its direction of magnetization changes so that the direction of the magnetization of

the soft magnetic layer can be varied relative to that of the hard magnetic material.

When a fixed voltage is applied across the MTJ, the magnitude of the current
passed through the tunneling barrier depends on the relative magnetic orientation of
the two magnetic materials in the tunneling junction. Consequently, the value of the
current in the tunneling junction indicates the direction of the magnetic moment in the
soft magnetic material if the moment of the hard layer is known. Conversely, the
current in the tunneling junction indicates the direction of the moment of the hard
magnetic material if the direction of the moment of the soft magnetic material is

known.

The two magnetic materials in the magnetic tunneling junction can also be
formed from hard magnetic materials if means for independently switching the
magnetic moments in the MTJ are provided, as in the magnetic memory device 100.
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sections conprises patterning at |east some of the plurality of patterned
magnetic sections into rectangularly shaped magnetic sections. 99. The

met hod of claim 90, wherein patterning the plurality of patterned nagnetic
sections conprises patterning at | east sone of the plurality of patterned
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magﬁetlc ?l@ﬁ?ﬂ&e f?"ﬁ'f‘?ﬁdﬁ'ﬁ@ﬁﬁ'& CHITBM omdgRetPer artiiouah the datenfit
track to sgbeabitMelowspnge a direction of a nagnetic nonent in a storage
region within the track. 107. The nmethod of claim 106, further conprising
connecting a switch to the track, to pass current through the track for the

pur pose of erj\ Fairaeg vglrﬁg oq%h?repw{ ltn'dicates that the resistance of the MTJ is low, and the
domains of the track and the data bit 45 are in parallel. A small value of current
indicates that the resistance of the MTJ is high, and the domains of the track and the
data bit 45 are anti-parallel. Since the direction of the domain in the track is known,

the direction of the domain and thus the data stored in the data bit 45 can be inferred.

A method 900 for reading a data bit 45 in the magnetic film 10 by the use of a
magnetic tunnel junction is described by the process flow chart of FIG. 9 in
conjunction with FIG. 10 (FIGS. 10A and 10B). As shown in FIG. 10 the magnetic
tunnel junction used for the purposes of reading the data in the magnetic storage film
10 is formed from one or both of the upper and lower tracks 25 and 35, respectively,

in addition to the storage film itself.

The tracks 25 and 35 are separated from the storage film at the writing points
where the track comes close to the storage layer by thin insulating layers 1080 and
1090 which form the insulating barrier of the magnetic tunnel junction. For ease of
fabrication, it is preferable that one tunnel barrier be thicker than the other tunnel
barrier. Since the resistance of a tunnel barrier increases exponentially with the
thickness of the insulating tunnel barrier, it may be difficult to form two tunnel barriers

with approximately equal resistance values.
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108. The met hod of claim 106, wherein the nmagnetic filmis unpatterned.
109. The nethod of claim 106) wherein the track conprises an individual
magnetic wire. 110. The nethod of claim 109, wherein the track defines a
plurality of selectable data regions on the magnetic film 111. The net hod
of claim 106, wherein the magnetic filmis continuous. 112. The nethod of
claim 111, wherein the magnetic filmis unstructured so as to render the
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wall in the trac'k 117. The et hofq o{ cl ai m 106, further conprising

sel ect i vel 9" (g thg ragnelic forge M 1%e data region by passing a reading
current in the track that crosses with the data region. 118. The net hod of
claim 117, wherein selectively reading the data conprises neasuring a
change in reﬁo&sttMpergm‘setdiéllusm@tibatﬁhﬁgut\u&lmrriwa?@ar&iﬁ gh@ywy as being thicker

than the tunnel barrier 1090 in FIG. 10, so that the resistance of the tunnel junction
formed between the lower magnetic track 35 and the upper magnetic track 25 will be
dominated by the thicker tunnel barrier 1080. Thus, the ferromagnetic electrodes of
the magnetic tunnel junction are formed from the magnetic material of the upper
track 25 and the magnetic material in the magnetic storage film 10 since the
resistance of the tunnel junction is determined by that of the upper insulating layer
1080. Therefore, in this example, the resistance of the lower insulating layer 1090 is
sufficiently small that it does not significantly contribute to the resistance of the

tunnel junction.

The magnetic direction of the data bit 45, which is represented by the left directed
arrow 1055 in FIG. 10A and the right directed arrow 1065 in FIG. 10B, is read as a
left or right directed magnetic moment, as shown by the block 905 in FIG. 9, by
passing a small current through the corresponding upper and lower tracks 25 and 35
at whose cross point the data bit 45 resides. The direction of the current path is
shown by the line 1052 in FIG. 10A and the line 1062 in FIG. 10B.

The current is passed along the upper track 25 through the upper insulating layer
1080, through the data bit 45, through the lower insulating layer 1090, and along the
lower track 35 as shown in the block 910 in FIG. 9. In FIG. 10 A the direction of the
moment of the data bit 45 is shown as being directed in the same direction as the
magnetic domain in the upper track.
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119. A nethod of reading a data bit on a data storage device, conprising:
the data storage device being formed by disposing a tunnel junction that is
conprised of an insulating tunnel barrier layer, in proximty to a nagnetic
film and selectively reading the data bit stored in a data region of the
magnetic filmby passing a. reading current in the track that crosses with
the data region. 120. The method of claim 119, wherein selectively reading
the data bit Tduspthesesist@asuof the raaghetigtennel juastiat willdse ww bhe thasutrabi ng
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the tunnel junction.

Similarly, the higher the resistance of the tunnel junction, the smaller will be the
current leaking into the array of tunnel junctions formed from the array of upper and
lower writing tracks. In this embodiment all of the tunnel junctions associated with
each data bit are connected in parallel with each other. The reading current is
passed through the data bit for no longer than is necessary to get enough signal to
determine whether the tunnel junction has a high or low resistance in order to
minimize the energy needed to read one bit. For this purpose, theré may be
reference resistors formed from similar tunnel junctions at the array boundary with

which the resistance of the data bit tunnel junctions can be compared.

Thus, in the memory system 100 described herein, the MTJ is formed from two
hard magnetic layers. The direction of the magnetic domain in the upper track in the
writing device 20 can only be altered by passing current pulses along this track. The
magnetic moment direction of the data bit 45 can similarly only be varied by being
subject to the large magnetic fringing fields provided by moving domains in the upper
and lower tracks. In essence, the magnetic domain in the upper or lower tracks
provides the reference magnetic moment and the data bit provides the storage

magnetic moment.
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131. The apparatus of claim 126, wherein the magnetic filmis continuous.
132, The apparatus of claim 131, wherein the nagnetic filmis unstructured
so as to render the location of the data bit non-localized. 56 .Al. A@QA[S. A
y.Af.A A5 9 AYOA®. A ,.AFS. A . A5, . A5 .A[S. A[,.AL. A9. A3, . A A
[y.A@A% AL. Al, . Al % A | . A3nf . Af . A@AH@A , . A3l . AY. A . AFf.AY5y. Ay. A3[ @ A. A
y. A y9.A3. Adr. A3[f A . AnS. AY5, . AS9. Al f. Al % A3@ A3_. A[r AHI9. A5) PxG C t B] CT
~ytoj e [ V] cajfGriceat ]ﬁﬁ]l@r@]eeaéaecahgalatsalr@aiesalmﬂec@f]themm foainea] foarh ¢hag ca] c<
"a] ca] ca] c”a]calcalc a] calJcalc”alcalc

" (" g) v+magnely damarp s wcgmmﬂaﬁb\&@gﬂﬁrtﬁgwaqq%]%ﬁ?ééqré@a]béa‘]%a] ca]
ca]ca]ca]calc ] al ca
T A @g@é@%ﬁ]@g&&.ﬂb% CBhEA FHEHIGRYIF IS crl A &l Gl ahn
HHHO v 1 | |be] Q]';’Itr% uppérMradicad mals dleddwalroabitaincthiz] tcadkcla] oagca] ca] ca
]ca] ca] ca] ca ca] ca ca] cal ca] ca] cal ca] ca] ca] ca]ca] ca] cal a RRBT=W
fYZZ[ \\\ \ Ysdtiagbb us the direction of the magnetic moment in the track will be changed

& deefehh
Toal cal cal s o et et ERACEIFaE] dBRCE BEhERpRE) Aol T kikbrm o
n. n(orprrnrcsisttuPvwYyyKz”z{

& d Z
L el LT bbbl e A e s adleatanieaar i
AEbRE L e i i A
] ca] ca] ca]@aﬂmua’haﬁ]tba]doa]aua]mmpaa]pm]tm](Qé]vw&]'\ow] loen|rcthpcaipes]te afrealieata */ K

cal oa] oa) chpba) ) dap B4R €858 B3 EATR AR GELERLL PR bR BhiBuEl ol oo

PMVFLu$} X selrftuddentll pRk SR @&W&rﬂadlc ] Ieake ahekB6 ahitiadriphiakaak erinesihsa) ca
] ca] ca] ca] calca]ca]ca]ca ca] ca] ca] ca] ca] ca! XE[ XAGlU*ATlc{aésm d Z]]]]ca]ca]ca
| ca] ca] ca]iodhe alppel tafk witbalce)argingineapeanetq stajeall thg)dedg &41%a] caj ca] ca] ca
]ca] ca]ca]ca]cal bl oJPbX e Z
:}xsnid_Z]]]]ca]ca]ca]ca]ca]ca]ca]calca]ca]cal ca] ca] cal] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] cafltakcHlis aletiadd af caldda] m‘d@ﬁﬂ will give much higher signal because
"HPSW ) +, , % X. xsnid Z ca alc calcalc
a] cal ch] e APl ichpUN TSy ] EApERPE ] FTa A ERPodr & BE1503018541 aabs
- PS™79: L=R=gBRFEHR YR Gt itk d'hy wh Hes e Adsabred epfrealivalis rlceadseal cal
ca] ca] ca] ca caJ ca] ca] ca] ca]ca]calc g<ca] ca] ca] ca] ca] ca] ca] ca] cal ZOnOOOOPXPP3
QQERRR/ S~SSTdecTeasaiwhen i Bei raasz]qt]zpﬁaw vafhiralheapeanetiy ¢aai) Pa] ca

] ca] cal ca] %a]up er%]acﬂ]lsc?gve?ie(:@] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca] ca]ca] ca! X*Y{Y

ZXZoZZZZ[\ h]]]*"KMA " aMaaab] bbb?cccd} Xsni d 71111 ca] ca] ca] ca] ca] ca]ca]calc

, Id

ShEhELer bl Sk ) T S e
ool ool ol Bapial Pl RIEAMCACRL AL ﬁéﬁh%@%@@éﬁ@b%ﬁﬂbm t%&]lﬁadaﬁﬁ] ca

] ca] ca! nnn. on gqqr _rrrsnsss% +t ~tt uJuuu} xsni d ]]ca]ca]ca]c
a] ca] ca] caé,uq:a:]ara]@a]wae]lbm]aga]ama]&gic]lm] Marenkcdhest saledanag) ] r@&]oé\é] cajcalc

I _

Syyyrazrs HE0TS FEETBIREEN S amops e shpishealy £f £ darel) WAl L cap ca
ca] ca] ca] cpdiga] mabesd 6ph skt %]mh@air@ahg?ﬂu@t&i sbowdmadicnls\dsionSslgbat xsn
id_Z]]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calcalca]ca]ca]ca]ca]ca]calcalcalcalc
a] ca] ca] caéreygnicyitestpodeimed fliefuafioss,y@c the superparamagnétic effect.
}xsnid_Z]]]]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]calcalca]ca]cal
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal N-\ L1d

[ cTw} xsni d_Z\hée &l Algial Rabealneal] eledreed datwaliond cajtan] alidahteiargy aattea] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal wB77?;

s- @a: |v+}o<@enaang]t@mp@rath@] ofdhe sevispdhptiipdnaengticapemeshpEipdaPeasiG] ca] caj

ca] ca] caj ca C lc ca] ca] ca
] ca] ca] ca] B BB R g P bs Ry LA b, hphERTLSe g Ol c2) ca
]18?/&3]( )ca] §|T%§/%3&[B)Péﬂh|é rhagRStid draterfal W& dhe n3@het©kedidon. ThUIOHODE ES of
1098 ()-G Cf I—I>4100100S#<10%3& ()-"7109%2& ()-5109%0% () -

"10%00& () - sU0YO& () - 3#10%)&' ()- tgQo4; glO‘V@L ()-'v7"109@R@&& () -

'+ #10%@B () - #10%G8K () - " 10%aB ()- 3

I @100/(@@ ()-9100B] ~\: 1% 10%z& () -

1'10%z& ()-YS10%& ()-!'L"10%z& () - 3S 10%& ()- 10@



10@10@;j _=!'h yY"10% (& ()- 10z 10z 10z@
s1092& ()-510%& ()-!0"10%z& ()-- 10%& ()-CT ! "}[<j _=!14t10% & ()-
] - @10% (& ()-!CcY#10% (& ()- !cF@"10% (& ()-FyZ10% & ()- "10% & ()- ""

("98) q+

+~\ 1S/ @10%@& ()-! "10%@& ()- @ 3@10%@e& ()-fYf 10%@& ()- 10(

10( 10(S; 1 < in fi ia i i
] 1(()%I'T§€L' ()Q}éﬁlg%/a(dl_%& a?)a%}tutw e Juééd [foﬁ%ﬁ%ﬂs/ﬂ-;&n{a)gne }h@t filrp media in magnetic

recording disk drives are suutable

An important difference, however, is that in the memory of the present invention,
the materials forming the magnetic storage film 10 are not limited to polycrystalline
materials. Crystalline materials may be used to form the magnetic film 10 wherein
the crystalline materials have an anisotropy direction aligned along one direction
within the magnetic film. For example, the magnetic easy axis may be aligned along

the direction of one set of tracks (for example, those above the magnetic film 10).

In magnetic recording disk drives the magnetic bits are written around the
circumference of the rotating disk. Thus, the magnetic crystalline anisotropy must be
aligned either randomly within the plane of the magnetic media or the anisotropy
direction must be aligned either along the disk radius or must be tangential to the
disk radius. This precludes the use of crystalline magnetic films with a well defined

crystalline axis along one given direction.

It should be understood that the present invention is not limited to magnetic
materials whose moments are in the plane of the magnetic film 10, but the moments
of the magnetic films 10 may be oriented perpendicular to the plane of the film 10
since the domain wall fringing fields from the domain walls in the tracks of the writing
device 20 can have a significant component of magnetic field in a direction normal to
the surface of the magnetic wires comprising the tracks. Thus, the material
comprising the layer 10 may be designed to have perpendicular magnetic anisotropy,

and can be crystalline or polycrystalline.

Alternate embodiments of the construction of the magnetic film 10 are illustrated
by FIG. 11 (FIGS. 11A, 11B, 11C). Magnetic film 10A is constructed using a film of

one magnetic alloy.

Magnetic film 10B is a granular magnetic alloy comprised of magnetic regions in
an insulating film. This structure may be useful to decrease the current that flows
along the magnetic storage film 10 when reading the data storage regions. The
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For improving the read performance, it may be particularly advantageous to form
the magnetic film 10 from a material that has a much lower resistance perpendicular
to the layer than in the plane of the layer. For example, it may be preferred to form
the magnetic film 10B from a granular material comprised of magnetic columnar
grains that extend from the lower to the upper surfaces of the film 10B but that are
electrically isolated from one another in the direction parallel to the plane of the film
10B.

For example, these columnar magnetic grains may be isolated from each other in
the lateral direction by an insulating oxide, such as aluminum oxide or silicon oxide
or magnesium oxide, or by an insulating nitride, such as aluminum nitride. Thus, the
insulating material is along the grain boundaries of the cylindrically shaped grains
where the axis of the cylinder of these grains is oriented perpendicular to the surface

of the magnetic film 10B.

Magnetic film 10C is an artificial antiferromagnetic structure engineered for
improved stability against thermal fluctuations. For example, the film structure may
be comprised of two ferromagnetic layers 1115 and 1120 separated by an
antiferromagnetic coupling layer 1110. The antiferromagnetic coupling layer 1110
can be formed from Ru or Ru-Os alloys as described in U.S. patents 5,465,185 and
6,153,320 or with Cr and various other non-ferromagnetic metals as described in
U.S. patent 5,341,118.

In all the embodiments shown in FIG. 11, the magnetic layers may be formed
from multiple magnetic and non-magnetic layers. For the maximum signal for
reading the data bits it may be advantageous to form the upper and lower surfaces

of the magnetic film from magnetic material which, in conjunction with a suitable
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20 is desired for optlma| performance. The reservoir may be of varying sizes, from

one domain to enough length to accommodate all the domains in the data storage

region on both sides of the data storage region.

In FIG. 12, a reservoir is shown on each side of the data storage region 1205:
reservoirs 1210, 1215, 1220, and 1225. Each reservoir is long enough to
accommodate all the domains in the tracks that write to and read from the data
storage region 1205. The domains in the tracks that write to and read from the data
storage region 1205 can be moved in and out of their respective reservoirs 1210,

1215, 1220, 1225 depending on the sequence of “1”s and “0"s to be written.

In an alternative embodiment for the magnetic memory device 100, a magnetic
memory device 100A is shown in FIG. 13 comprised of individual registers 1305,
1310 that write individual data bits 1315, 1320. Each register represented by register

1305 is comprised of current leads 1325, 1330 and a magnetic wire or track 1335.

The track 1335 is comprised of two domains 1340, 1345 and one domain wall
1350. The fringing field 1355 emanating from domain wall 1345 is sufficiently large to
write to data bit 1315. The current leads 1325, 1330 are made of magnetic material
and are of sufficient length to act as reservoirs for the domains 1340, 1345. Current
1360 is applied to the register 1305, moving fringing field 1355 into the region of the
data bit 1315.

As discussed previously, the fringing field 1355 writes to the data bit 1315. The
current 1360 then moves the fringing field 1355 out of the region of the data bit 1315
once the data bit 1315 has been written. Each of the registers 1305, 1310 is

controlled individually by a transistor and control gate denoted by the reference 1375,
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magnetic layer 10, vias are prowded through the magnetic film to allow connections

between these current leads and the transistor switches in the silicon substrate.

As described with respect to the embodiment shown in FIG. 1 the magnetic film
10 does not have to be continuous but can be formed from multiple magnetic
sections (each larger than an individual magnetic data bit). Thus, vias can be
formed between these magnetic sections through the plane defined by the magnetic
film 10. The magnetic film 10 are discontinuous and are comprised of multiple
magnetic sections separated from conducting vias placed between these sections.
The conducting vias are electrically isolated from the magnetic sections by insulating

material.

The current leads 1325, 1330 and the individual write registers 1305, 1310 can
also be disposed beneath the magnetic film 10 which makes it more straightforward
to connect these leads to switching transistors in a semiconducting substrate

beneath the layer.

Although the individual write registers are shown in FIG. 13 without any notches
or means of fixing the position of the domain walls in these write registers, the
registers can be formed with one or more notches or protuberances or can be
formed from multiple connected magnetic regions comprised of different magnetic
materials for the purpose of fixing domain walls at the boundaries between these
magnetic materials for within these magnetic regions. Depending on the properties
of these different magnetic materials, the domain walls will have a preference to be
located either at the boundaries between these materials or away from these

boundaries with the magnetic regions themselves.
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domain walls over the magnetic region to be written, the magnetic data bit can be
written in one direction or the opposite direction. The write register is preferably long
enough to contain a storage reservoir for these domain walls to the left and right of
the magnetic data region or in the vertical portions of the current leads themselves to

allow for greater data storage densities.

In the alternative embodiment shown in FIG. 13 in which the write registers only
contain one domain.wall, the domain wall fringing field can be along one direction on
one side of the domain wall and along the opposite direction on the other side of the
domain wall, as illustrated in FIG. 3B for the x component of the fringing field
associated with the Neel type of domain wall shown in FIG. 3A. Thus, when the
domain wall shown in FIG. 3A is moved over the magnetic film 10, the magnetic data
bit 45'is written in one direction when the domain wall is moved from the left to the
right along the x axis. As shown in FIG. 3B, the magnetic film is written in the

negative x direction, i.e., its magnetization is pointing to the left.

However, if the same domain wall is moved from the right to the left, the magnetic
data bit in the film 10 is written with its magnetization direction pointing in the positive
x direction (i.e., magnetization points to the right). Thus, a single domain wall can be
used to write data bits to both the left and to the right. The direction of motion of the
domain wall (left to right or right to left) determines the direction of writing. Thus,
depending on the position of the domain wall in the write register, it may be
necessary to first move the domain wall to the left or to the right in order to write a

magnetic data bit in the left direction or the right direction.

In the device shown in FIG. 13 the magnetic data bits are read by passing small
currents through one of the leads 1325, 1330 and through a tunnel barrier, formed as
a thin insulating layer 15 on top of the magnetic film 10, and into the magnetic data

bit within the magnetic film 10 itself. The current path can be closed either through
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(represent'ed by registers 1405, 1410) situated on top of the magnetic film 10 in

addition to writing registers (represented by registers 1415, 1420) on the bottom of
the magnetic film 10. Data bits such as data bits 1425, 1430, 1435, 1440 are
staggered to increase the data bit density and to avoid interference from neighboring
fringing fields. In this embodiment, the aerial density of data bits is increased by a

factor of two over the density of magnetic memory device 100A.

In an embodiment of the magnetic memory device 100B, magnetic memory
device 100C has write registers 1505, 1510 perpendicular to write registers 1515,
1520. The relative placement of the registers 1505, 1510, 1515, and 1520 can be in
any configuration as desired to achieve the desired aerial density and still retain the

ability to apply current to the registers.

To operate the magnetic memory device 100, the circuitry comprises, in addition
to the reading and writing elements, logic and other circuitry for a variety of purposes,
including the operation of the reading and writing devices, the provision of current
pulses to move the domains within the write registers, the means of coding and
decoding data in data bits, etc. In one embodiment, the control circuit is fabricated
using CMOS processes on a silicon wafer. The circuitry related to the individual
magnetic data bits will be designed to have a small footprint on the silicon wafer so
as to maximize the storage capacity of the memory device while utilizing the smallest

area of silicon to keep the lowest possible cost.

It is to be understood that the specific embodiments of the invention that have
been described are merely illustrative of certain application of the principle of the
present invention. Numerous modifications may be made to the system and method
for storing data in an unpatterned, continuous magnetic layer invention described

herein without departing from the spirit and scope of the present invention.
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1. A data storage device comprising:
a magnetic film;
at least one writing element comprising a track disposed in proximity to the
magnetic film; and
wherein a data bit is selectively writable into a data region of the magnetic film,
using a fringing field from a magnetic domain wall in the track to selectively change a

direction of a magnetic moment in the data region.

2. The data storage device of claim 1, wherein the at least one writing element
comprises an upper track disposed above the magnetic film and a lower track

disposed below the magnetic film.

3. The data storage device of claim 2, wherein a data bit is selectively writable
into a data region of the magnetic film where the upper track and the lower track
cross, using fringing fields from magnetic domain walls in the upper track and the lower

track.

4. The data storage device of claim 2, wherein the at least one writing element

comprises an upper track and a plurality of lower tracks.

5. The data storage device of claim 4, wherein each of the upper track and the

plurality of lower tracks comprises an individual magnetic wire.

6. The data storage device of claim 5, wherein the upper track and the plurality

of lower tracks define a plurality of selectable data regions within the magnetic film.

7. The data storage device of claim 2, wherein the at least one writing element

comprises a plurality of upper tracks and a lower track.
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9. The data storage device of claim 8, wherein the plurality of upper tracks and

the lower track define a plurality of selectable data regions within the magnetic film.

10. The data storage device of claim 2, wherein the at least one writing element

comprises a plurality of upper tracks and a plurality of lower tracks.

11. The data storage device of claim 10, wherein each of the plurality
of upper tracks and the plurality of lower tracks comprises an individual magnetic

wire.

12. The data storage device of claim 11, wherein the plurality of upper tracks and
the plurality of lower tracks define a plurality of selectable data regions on the

magnetic film.

13.The data storage device of claim 2, wherein the upper track comprises a
bend;

wherein the lower track comprises a bend; and

wherein the data region corresponds to a region of the magnetic film where the

bend of the upper track and the bend of the lower track cross.
14. The data storage device of claim 2, wherein the magnetic film is continuous.

15.The data storage device of claim 14, wherein the magnetic film is unstructured

so as to render the location of the data bit non-localized.

16. The data storage device of claim 2, wherein the magnetic film comprises a

single magnetic layer.

17.The data storage device of claim 2, wherein the magnetic film comprises a
plurality of superimposed magnetic layers.
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19. The data storage device of claim 3, wherein the fringing fields from the
magnetic domain walls in the upper and lower tracks are coincidentally moved toward

the magnetic film to change a direction of a magnetic moment in the data region,

effectively writing the data bit to the magnetic film.

20. The data storage device of claim 19, wherein the magnetic domain walls are
moved by passing a writing current in at least one of the upper track and the lower

track.

21.The data storage device of claim 20, wherein the data is binary and comprises

a first state and a second state;

wherein the data bit assumes the first state in response to the current being

passed in a first direction; and

wherein the data bit assumes the second state in response to the writing current

being passed in a second direction.

22.The data storage device of claim 3, wherein the magnetic domain walls of the
upper and lower tracks define a plurality of domains; and
wherein in a quiescent state, the domains are parked away from a data storage

region of the magnetic film so that the fringing fields do not influence a state of the

data region.

23. The data storage device of claim 3, wherein the plurality of upper tracks are
connected together in series so that domain walls associated with magnetic regions defined

by the magnetic domain walls are moved together across the data storage region.
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wherein the data region corresponds to a region of the magnetic film where the

block of the upper track and the block of the lower track cross.
25. The data storage device of claim 2, wherein the magnetic film is unpatterned.

26. The data storage device of claim 2, wherein the at least one writing element
comprises homogeneous magnetic material selected from the group consisting. of

ferromagnetic material and ferrimagnetic material.

27. The data storage device of claim 2, wherein the at least one writing element
comprises inhomogeneous magnetic material selected from the group consisting of

ferromagnetic material and ferrimagnetic material.

28. The data storage device of claim 2, wherein at least one of the upper track or
the lower track is constructed of alternating types of magnetic materials selected

from the group consisting of ferromagnetic material and ferrimagnetic material.

29. The data storage device of claim 3, wherein the magnetic domain walls in at

least one of the upper track and the lower track are pinned.

30. The data storage device of claim 29, wherein the magnetic domain walls in at
least one of the upper track and the lower track are pinned by indentations in the at

least one of the upper track and the lower track.

31. The data storage device of claim 2, wherein the magnetic film comprises an
upper surface and a lower surface; and
further comprising an insulating tunnel barrier layer that overlies at least one of

the upper and lower surfaces of the magnetic film.
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data region is read by passing a reading current from the upper track to the lower

track that coincides with the data region.

33.The data storage device of claim 32, wherein the data bit is read by

measuring a magnetic direction of the data bit.

34.The data storage device of claim 33, wherein a first magnetic direction of the

data bit is indicative of a first resistance value of the tunnel junction.

35.The data storage device of claim 33, wherein a second magnetic direction of

the data bit is indicative of a second resistance value of the tunnel junction.

36. The data storage device of claim 33, wherein the first resistance value of the

tunnel junction is lower than the second resistance value of the tunnel junction.

37. The data storage device of claim 2, wherein the data bit that is written in the
data region is read by passing a reading current in only one of any of the upper track

or the lower track that crosses with the data region.

38.The data storage device of claim 37, wherein the data bit is read by
measuring a change in resistance of the magnetic tunnel junction surrounding the

insulating tunnel barrier layer.

39.The data storage device of claim 2, wherein the upper and lower tracks are

disposed at an angle relative to each other.

40.The data storage device of claim 2, wherein the upper and lower tracks are

disposed at a right angle relative to each other.
41.The data storage device of claim 1, wherein the magnetic film is patterned.
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43.The data storage device of claim 42, further comprising an insulating layer

that overlies at least one side of the patterned magnetic film.

44. The data storage device of claim 43, wherein the insulating layer is patterned

into a plurality of patterned insulation sections.

45.The data storage device of claim 44, wherein the plurality of patterned

magnetic sections cross with the plurality of patterned insulation sections.

46.The data storage device of claim 42, wherein each of the plurality of patterned

magnetic sections stores at least one data bit.

47.The data storage device of claim 42, wherein the plurality of patterned

magnetic sections are similarly shaped.

48.The data storage device of claim-42, wherein at least some of the plurality of

patterned magnetic sections are non-similarly shaped.

49.The data storage device of claim 42, wherein at least some of the plurality of.

patterned magnetic sections are circularly shaped.

50.The data storage device of claim 42, wherein at least some of the plurality of

patterned magnetic sections are rectangularly shaped.

51.The data storage device of claim 42, wherein at least some of the plurality of

patterned magnetic sections are square shaped.

52. The data storage device of claim 42, wherein at least some of the plurality of

patterned magnetic sections are elliptically shaped.
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54.The data storage device of claim 42, wherein at least some of the plurality of

patterned magnetic sections are patterned into a plurality of rows.

55. The data storage device of claim 42, wherein at least some of the plurality of

patterned magnetic sections are patterned into a plurality of columns.

56. The data storage device of claim 42, wherein at least some of the plurality of
patterned magnetic sections are patterned into a plurality of rows and a plurality of

columns.

57. The data storage device of claim 1, further comprising a switch connected to the

track, to pass current through the track for the purpose of writing the data bit.

58. The data storage device of claim 57, wherein the switch comprises a

transistor.

59. The data storage device of claim 1, further comprising an insulating tunnel

barrier layer disposed in proximity to the magnetic film.

60. The data storage device of claim 59, wherein the insulating tunnel barrier

layer and the magnetic film form a tunnel junction.
61. The data storage device of claim 1, wherein the track comprises a bend.
62. The data storage device of claim 1, wherein the magnetic film is continuous.

63. The data storage device of claim 1, wherein the magnetic film is unstructured

so as to render the location of the data bit non-localized.
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65. The data storage device of claim 1, wherein the magnetic film comprises a

plurality of superimposed magnetic layers.

66. The data storage device of claim 65, wherein at least some of the plurality of
superimposed magnetic layers are separated by at least one non-ferromagnetic
layer.

67.The data storage device of claim 1, wherein the magnetic film is unpatterned.

68. The data storage device of claim 1, wherein the at least one writing element
comprises homogeneous magnetic material selected from the group consisting of

ferromagnetic material and ferrimagnetic material.

69. The data storage device of claim 1, wherein the at least one writing element
comprises inhomogeneous magnetic material selected from the group consisting of

ferromagnetic material and ferrimagnetic material.

70. The data storage device of claim 1, wherein the magnetic domain wall is
shiftable.

71. A method of making a data storage device, comprising:

forming a magnetic film;

forming at least one writing element by disposing a track in proximity to the
magnetic film;

wherein a data bit is selectively writable into a data region of the magnetic film,
using a fringing field from a magnetic domain wall in the track to selectively change a

direction of a magnetic moment in a storage region within the track.

72.The method of claim 71, wherein forming the at least one writing element
comprises:
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73.The method of claim 72, wherein a data bit is selectively writable into a data
region of the magnetic film where the upper track and the lower track cross, using

fringing fields from magnetic domain walls in the upper track and the lower track.

74.The method of claim 72, wherein the at least one writing element comprises a

plurality of upper tracks and a plurality of lower tracks.

75. The method of claim 74, wherein each of the plurality of upper tracks and the

plurality of lower tracks comprises an individual magnetic wire.

76.The method of claim 72, wherein forming the upper track comprises forming a
bend,;

wherein forming the lower track comprises forming a bend; and

wherein the data region corresponds to a region of the magnetic film where the

bend of the upper track and the bend of the lower track cross.

77.The method of claim 72, wherein forming the magnetic film comprises forming

a continuous magnetic film.

78.The method of claim 71, wherein forming the magnetic film comprises forming
an unstructured magnetic film so as to render the location of the data bit non-

localized.

79.The method of claim 71, wherein forming the magnetic film comprises forming

a single magnetic layer.

80. The method of claim 71, wherein forming the magnetic film comprises forming
a plurality of superimposed magnetic layers; and
wherein at least some of the superimposed magnetic layers are separated by at

least one insulating layer.
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81. The method of claim 72, wherein forming the upper track comprises forming a
block of magnetic material selected from the group consisting of ferromagnetic
material and ferrimagnetic material;

wherein forming the lower track comprises forming a block of magnetic material
selected from the group consisting of ferromagnetic material and ferrimagnetic
material; and

wherein the data region corresponds to a region of the magnetic film where the

block of the upper track and the block of the lower track cross.

82.The method of claim 71, wherein forming the magnetic film comprises forming

an unpatterned magnetic film.

83. The method of claim 71, wherein forming the at least one writing element
comprises using homogeneous magnetic material selected from the group consisting

of ferromagnetic material and ferrimagnetic material.

84. The method of claim 71, wherein forming the at least one writing element
comprises using inhomogeneous magnetic material selected from the group

consisting of ferromagnetic material and ferrimagnetic material.

85. The method of claim 72, wherein forming the upper track and the lower track
comprises forming at least one of the upper track or the lower track of alternating
types of magnetic materials selected from the group consisting of ferromagnetic

material and ferrimagnetic material.

86. The method of claim 73, wherein forming the upper track comprises pinning

the magnetic domain walls in the upper track.

87.The method of claim 73, wherein forming the lower track comprises pinning

the magnetic domain walls in the lower track.
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further comprising forming an insulating tunnel barrier layer that coats both the

upper and lower surfaces of the magnetic film.

89. The method of claim 71, wherein forming the magnetic film comprises

patterning the magnetic film.

90. The method of claim 89, wherein the patterned magnetic film comprises a

plurality of patterned magnetic sections.

91.The data storage device of claim 71, further comprising overlying an insulating

layer on one side of the track.

92. The method of claim 91, wherein overlying the insulating layer comprises

patterning the insulating layer into a plurality of patterned insulation sections.

93. The method of claim 92, wherein the plurality of patterned magnetic sections

cross with the plurality of patterned insulation sections.

94. The method of claim 90, wherein each of the plurality of patterned magnetic

sections stores at least one data bit.

95. The method of claim 90, wherein the plurality of patterned magnetic sections

are similarly shaped.

96. The method of claim 90, wherein patterning the plurality of patterned magnetic
sections comprises patterning at least some of the plurality of patterned magnetic

sections into non-similarly shaped magnetic sections.

97.The method of claim 90, wherein patterning the plurality of patterned magnetic
sections comprises patterning at least some of the plurality of patterned magnetic
sections into circularly shaped magnetic sections.
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98. The method of claim 90, wherein patterning the plurality of patterned magnetic
sections compﬁses patterning at least some of the plurality of patterned magnetic

‘sections into rectangularly shaped magnetic sections.

99. The method of claim 90, wherein patterning the plurality of patterned magnetic
sections comprises patterning at least some of the plurality of patterned magnetic

sections into a plurality of rows.

100. The method of claim 90, wherein patterning the plurality of patterned
magnetic sections comprises patterning at least some of the plurality of patterned

magnetic sections into a plurality of columns.
101. The method of claim 90, wherein patterning the plurality of patterned
magnetic sections comprises patterning at least some of the plurality of patterned

magnetic sections into a plurality of rows and a plurality of columns.

102. The method of claim 71, further comprising connecting a switch to the track, to

pass current through the track for the purpose of writing the data bit.
103. The method of claim 102, wherein the switch comprises a transistor.

104. The method of claim 71, further comprising forming an insulating tunnel

barrier layer in proximity to the magnetic film.

105. The method of claim 105, wherein the insulating tunnel barrier layer and the

magnetic film form a tunnel junction.
106. A method of writing a data bit on a data storage device that comprises a

magnetic film; and at least one writing element disposed in a track in proximity to the

magnetic film, the method comprising:
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107. The method of claim 106, further comprising connecting a switch to the track, to

pass current through the track for the purpose of writing the data bit.
108. The method of claim 106, wherein the magnetic film is unpatterned.

109. The method of claim 106, wherein the track comprises an individual

magnetic wire.

110. The method of claim 109, wherein the track defines a plurality of selectable

data regions on the magnetic film.
111. The method of claim 106, wherein the magnetic film is continuous.

112. The method of claim 111, wherein the magnetic film is unstructured so as to

render the location of the data bit non-localized.

113. The method of claim 106, wherein selectively writing the data bit comprises
coincidentally moving the fringing field from the magnetic domain wall in the track
toward the magnetic film to change a direction of a magnetic moment in the data

region.

114. The method of claim 113, wherein coincidentally moving the fringing field
from the magnetic domain wall in the track comprising passing a writing current in the

track.

115. The method of claim 114, wherein passing the current in a first direction
causes the data bit to assume a first binary state; and
wherein passing the current in a second direction causes the data bit to assume

a second binary state.
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region.

118. The method of claim 117, wherein selectively reading the data comprises

measuring a change in resistance of the insulating tunnel barrier layer.
119. A method of reading a data bit on a data storage device, comprising:
the data storage device being formed by disposing a tunnel junction that is
comprised of an insulating tunnel barrier layer, in proximity to a magnetic film; and
selectively reading the data bit stored in a data region of the magnetic film by

passing a reading current in the track that crosses with the data region. .

)
120. The method of claim 119, wherein selectively reading the data bit comprises

measuring a change in resistance of the insulating tunnel barrier layer.
121. The method of claim 119, wherein the magnetic film is unpatterned.

122. The method of claim 119, wherein the track comprises an individual

magnetic wire.

123. The method of claim 122, wherein the track defines a plurality of selectable

data regions on the magnetic film.
124. The method of claim 119, wherein the magnetic film is continuous.

125. The method of claim 124, wherein the magnetic film is unstructured so as to

render the location of the data bit non-localized.
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a reading element that selectively reads the data bit stored in a data region of the
magnetic film, by passing a reading current in the tunnel junction through the data

region.

127. The apparatus of claim 126, wherein the reading element selectively reads

the data by measuring a change in resistance of the insulating tunnel barrier layer.
128. The apparatus of claim 126, wherein the magnetic film is unpatterned.

129. The apparatus of claim 126, wherein the magnetic film comprises an

individual magnetic wire.

130. The apparatus of claim 129, wherein the individual magnetic wire defines a

plurality of selectable data regions.
131, The apparatus of claim 126, wherein the magnetic film is continuous.

132. The apparatus of claim 131, wherein the magnetic film is unstructured so as

to render the location of the data bit non-localized.
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