SYSTEM AND METHOD FOR STORI NG DATA I N AN UNPATTERNED, CONTI NUOUS MAGNETI C
LAYER . CRGSS- REFERENCE TO RELATED APPLI CATI ONS . The present application is
related to co-pending U S. patent applications Serial No. 10/458, 554,
titled "Shiftable Magnetic Shift Register and Method of Using the Sane,”
and Serialm No. I07/258, 147., titred—Systemand—Mthod—for—Wt+t+ng—toe—=&
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i nterest t netlc random access rrermr (MRAM as a. high
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FIELD OF THE INVENTION

The present invention g‘en'erally relates to memory storage systems, and
_ particularly_ to a memory s_torage system that uses the magnetic moment of magnetic
domains to store data. Specifically, the present invention relates to a system tha:t _
stores data in an unpatterned, continuous magnetic layer. |

-

BACKGROUND OF THE INVENTION

L There is great interest today in magnetic random access memory (MRAM) as a.
high performance, non-volatile memory using magnetic tunnel junction (MTJ) |
merhory elements. The magnetic tunneling junction comprises two layers of
ferromagnetic material separated by a thin insulating material. The direction of the
magnétic moment of one of the layers is fixed, for example, by exchange bias with
an antiferromagnetic materia_l as described in U.S. patent number 5,650,958, or by
forming this layer from a ferromagnetic material with a large magnetic anisotropy,
much higher than that of the second ferromagnetic layer, as described in U.S.
patents numbers 5,801,984 and 5,936,293.
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whi ch are applied during the operation of the nmenory device. By contrast,
in the second ferromagnetic |ayer, the nmagnetic nonent direction is

allowed to nove in response to magnetic fields which are applied during
the operation of the nenory device to set the direction of.the magnetic

monent of t hing hayReétic FHUn%rﬁm?'thl@q”it' 18Yér reSpond eeryaitld © @ rﬁﬂgnéﬁd fid1a¢

field or swtching fiel I s advant ageous if thé magnetizatton of both
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from t he devideeto eet tHe rdietction of. M&a/maghehesrmmemtmfdh|séayeroﬂihnsfaptpﬂ|edrmghst ic
moment in the second | ayer wl| rgely_ejither be parallel or

ant i - par defeired EP anthe Wf'ﬁ“f‘glf'ﬁﬂfb‘?r SW'F&P& jelgh | owi ng the storage of data in
the form of "ones"” and "zeros". The individual MIJs are generally formed by
m cro-lithographically patter ni ng a continuous filmconprised of the
magneti c t itnsedvantagebas ifthe uncagnetization of bethetby fiulstfand sercaad fisiir J)nejgﬂmnt

with a particul ar ape and area. Jo.create the MRAMthe MIJ ele ts are
i ncor porj?)é%fsvﬁrﬁﬂ?rﬂeg/ 1HECEBPROGT an&ﬁi'e%ec?amg qﬂqparpp%@gdfr%qzthrh%p pose
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t he i ndi vhagiétidndmezitevitt nbs bedpningdneoue dubyespeaiadyat mmed@m theocesses.

-During the fabrj cat on,of the N i p the J, el enents neral ly be
Fabr i cat dipvisp whed eidpah Ao SisdBarhdheracTRIzelof BB 11 1 n
‘conpri ser,,@fCté&gnggwlm‘e bretegbdidiraetibrpn  structure on top of the array of
Wwite (or bit) lines which have been fabricated in a prior step. The MIJ

filmis then patterned using an etching technique to formthe ul tra-smatl
br obl ems - NRURFARFSS: 16 NEEFbRLr Bie TRRRR AN £ R nd PIsER e
si zes. Thargew éitherige: pamrilidsondntt-pasticloathe st IhpapthereMeallowing thersoragge t o
of data in the form of “ones” and “zeros”. Th‘e-indi\)idual MTJs are generally formed
by micro-lithographically patterning a coritinuous film comprised of the magnetic
tunnel junction structure, and thereby defining an MTJ element Wit’h a particuia‘r
shape and area. To create the MRAM the MTJ elements are incorporated within a
network of “write” and “bit” lines for the purpose of reading and writing the MTJ

devices as described in U.S. patent number 5,640,343.

Electrical circuits for setting:and interrogating the state of the individual MTJ
elements may be formed by conventional CMOS processes. During the fabrication of
| the MRAM chip the MTJ elements will generally be fabricated by first depositing a
continuous magnetic multi-layered film comprised of the magnetic tunnel junction
structure on top of the array of write (or bit) lines which have been fabricated in a
prior step. .The MTJ film is then patterned using an etching technique to form the

ultra-small tunneling junctions of a particular shape and size.

One of the majbr problems with MRAM using MJTs is scaling the MTJ elements to
very small sizes. The switching fields of these elements become ever more sensitive to
2



et ai i devi ces
2 the detailed structure of the edges of these devices as the
become smaller. Snall variations in shapes and sizes of the MiJs and edge
roughness of these devices cause |arge changes in the magnitude of field
required for witing the individual device. Mreover, the field required

es as the size of
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f err omagnedléroehtaetasepar ated by thin non-ferromagnetic | ayers,
describgd in US. patents nunbers 5,841,692, 6,153,320, and 6, 166,948. In
conventional MRAM cross-point architectures, the state of the storage

eI enents is hrough parallel arrays of
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el ectri cal cur ents th roug'ﬂ two wres placed | ove BPow t he
e

sad hgstru M J ed(r@d:aatbetmadé mooessern leRto aﬂB‘vna@@% Bfe dfhe
MTJ elerrerf‘? AN TRIPY LG o Ilngwlres are typically
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_-\rMeferlreZ OB?:S k;f bit-1ine, although the MIJ FHQ i gérss % h‘%‘c{@ht ed

at’ some o 'H%Po'é Unagyetin laygesn as desgibeddn biS. elatertbsmombemﬁ BH1692, A series

of MIJ st gremse3 sl e_;nfﬁjné%g@ﬁrranged al ong each of the wite and bit wi res]c

One selected el enment, 'at the cross- point of one of the bit-lines and one o

the wite-lines, is witten by passing currents simultaneously along these
i there will be a nunber of half-selected

| \g: ;rer:ntél %%t&g&g” ”‘M@%’é@? t'@S&iPOHE rettteclies ethei state ¢fitbe dtarage he

bit-1ine éleedhts is changed by passing currents through parallel arrays of “write-line” and
“bit-line” wires near the MTJ memory elements. Typically, local fields at individual MTJ - '

storage elements are created by passing electrical currents through two wires placed just
above and just below the MTJ element. -

An MTJ element is placed at the “cross-point” of each of the write and bit line wires. The
write-line and bit-line wires are typicaliy arranged to be orthogonal to one another with the
MTJ element oriented with its easy magnetic axis oriented along one of the wires, usually -
referred to as the bit-line, although the MTJ dévice may also be oriented at some other angle

with respect to the direction of the wires. A series of MTJ storage elements is arranged
along each of the write and bit wires.

One selected element, at the cross-point of one of the bit-lines and one of the write-lines,
is written by passing currents simultaneously along these wires. Along these same wires

there will be a number of half-selected elements which are subjected to either the write-line
field or the bit-line field.



3 The maxi mum fields that can be generated by the currents passing al ong
the wite and bit-line wires is limted to about 100 Ce for reasonable
current densities (or perhaps twice this anobunt if the wires are clad with
a highly perneable soft ferromagnetic material such as permalloy). The
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these cur y’constrain maxi mumfiefd and so limt the
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reduci ng the net nagnetic nonment of the elenment, fé)r e€< r’rgl.e, by usi ng
magnet i c thetwire avhioh resultedn [2ay inREERSELN 2h8 195! GWireRisdens! Y§9 ¢i8pA8 9 ess
magnetic material., S magnetic material can be used by.reducing the

t hi cknessr%‘fav‘far}’gprr?&éggti c layers in the MIJ device. However, thege' devi ces
then becone susceptible to thermal upsets due to the super-paranagnetic

effect. Consequently, the MIJ el enent mst have $u|ffi§%e.t.‘rra netic

ani sot ropy tIHWs, imagiuat devises Hecugantignsity dpvshbe belop s ynd. l%\l% the!
operating 1 MRAM: | will Balnimieed BY b¥herwhen t hese
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‘in which the switchi f the no | enent s_ i et er.m by the
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sufficient magnetic stability against thermal fluctuations. The need for

such a system has heretofore remai ned unsati sfi ed.
The switching field can be decreased by reducing the net magnetic moment of the

element, for example; by using magnetic material with smaller magnetization values or
by using less magnetic material. Less magnetic material can be USed-by reducing the
thickness of the magnetic layers in the MTJ device. However, these devices then
become 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.
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4 } -5- SUMVARY According to a first aspect of the present disclosure,
there is provided a data storage device conprising: a continuous,
unpatterned magnetic filmconprising-data regions for storing data; at

| east one witing elenment conprising a track for disposal in proximty to

t he rragngummfi Ig} wherein the track defines a magnetic domain wall that is
caused t AR long the track in a direction of an electric current, when
the electric current is passed through the track; and wherein a data bit
is selectively witable into the data regions of the magnetic film using
a fringing fiAkcdofdirgrtd aérstegpeti of themmresemalisciosurehthere dckrovidedsal ecti vel y
change a direction of a magnetic nonent in the data region. According to a
second a9B@SORIG PRVick @9@%‘('3@9écl osure, there is provided a method of

neking a dat aq SAfAGS. S SHiphRen Rl TPIEGALS int SbMOIBiny EAAYBIPNTer unpat t er ned

magnetic filmthat conprises egl ons storing a; formng at

| east onstowngtdata; el enent by di sposing a track in proximty to the
magnetic film, wherein the track defines a magnetic.domajn wal] that is
Catsed to shi Bt ISGRbEE PHUNS EIROTComBs B d BACGT SiFPORELY PR Gt - when
the el el ingofittid fiff, wiferBAS@RArddN QiFtes!dImalgnBRK doifih Wah tRaffgta DIt i
sel ectively Itable into the data regions of the magnetic film using a
~f ri ngi ngcdussiddtof stufiratdng tiredraskiin addinsationwdlan ¢lactricecurmest kwhem theel ect i vel y

change a diyection, of a magpeti ment in a storage region wthin the
track. A%'@S{'@i%rq'ﬁ '%p?ﬁercgﬁ‘é%‘b@k{ﬁoeotfa?m@” resent disclosure, there is

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

‘to selectively change a direction of a magnetic moment in the data region.

According to a second aspect of the present disclosure, there is provided
a method of making a data storage device, comprising:
~ forming a continuous, unpatterned magnetic film that comprises data h
regions for storing data;
forming at least one writing element by disposing a track in proximity to
the magnetic film, wherein the track defines a magnetic domain wall that is
caused to shift along the track in a direction of an electric current, when the
electric current is passed through the track;
" wherein a data bit is selectively writable into the data regions of the
magnetic film, using a fringing field from the magnetic domain wall in the track
to selectively change a direction of a magnetic moment in a storage region

within the track.

According to a third aspect of the present disclosure, there is provided a
method of writing a data bit on a data storage device that comprises:

a continuous, unpatterned magnetic film that defines a plurality of data
regions for storing data; and

at least one writing element for disposal as a track in proximity to the

magnetic film, wherein the track defines a magnetic domain wall that is caused
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met hod of witing a data bit on a data storage device that conprises: a
conti nuous, unpatterned magnetic filmthat defines a plurality of data
regions for storing data; and at |easf-one witing elenent for disposal as
atrack in proximty to the magnetic film wherein the track defines a
magnetic domain wall that is caused 1420632 1|. | RN:  692638SG -6- to
shift alto ﬁl@ﬂgrtgéléfﬁcr?f in aifectiongf %‘feﬁﬁtf'él%%fji?cwg% theelecliten the

el ectric r: ' : 4k ST Ng:
cel oct | vl s Pasedd fRSSGR LA SRehbaGompr TSl SN Nt o
fil m usithg daté bitngionthefdath dedionsnof tHeemaggatid filen deimgi anfrimgfing fieldtframt rack to
sel ectively chan9e a dj rec‘jji on of a naﬁ;neti&c ment in a.sto%'age regi on

Wi thin tthe m@g@ql(t_c JRIBEIINVA "\t@ea{rzf%ﬁptsr? ediye : nmhg@g@gﬁp @i sclosure,
there i Srnabﬂ%!ﬁ;ée’ﬁﬁm%ntrfﬁta@gra%fg rreﬁﬁﬂ'l \gﬂhiﬂ tH?tnaacP! t on a data storage device,

conpri sing ata storage “device being fornmed by disposing a tunnel
junction that 1is conprised of an insulating tunnel barrier layer, in
proximty to a continuous, . unpatterned magnetic filmthat defines a

Dl urality of MERHINGIPGHOUBaS! phige RIEPEN URGoSUiaTedr Iaddes Ry ¢ he
data bi tmaiHeydesk rbadinﬁea daathit Sﬁ'aodé‘%a%ftorfagé dmgjé%b&grifsldg'?‘ by passing a
reading current in the track that crosseS with the dataregions. According
to a fifth ashectatastarage gegicerteiny farmesivbyedisphsing a tinpebjuindtion Hrat

appar at for reading .a dat.a bit on a.data storage device, conprising: a
Cohner foserTnsiseRa andnayahfa Buindl Balier Tl It pg o iIRes Sonfitvais.  ayer | n
proxim t%ﬁa@te@néd)mdg‘h%ﬂéfﬁlm el &8 &FpIDRLIREbf Gatll refldm3dbr 8Rfringes a
plurality of data regions for storing data; a reading el enent "that

sel ect i wisty; archds the data bit stored in the data regions of the magnetic

];ialgimongy pas Ssierllé:]ctﬁl/e[yerae%idpr% t(l“\lérJa‘?thiti s@ortelaemtﬂ!i'é] BSla }eugrt]c?r%s' 8 thetrn;ragH&PC the data

film by passing a reading current in the track that crosses with the data regions.

According to a fifth aspect of the present disclosure, there is provided an
apparatus for reading a data bit on a data storage device, comprising:

a tunnel junction formed by disposing an insulating tunnel barrier layer in
proximity to a continuous, unpatterned magnetic film that defines a plurality of
data regions for storing data;

a reading element that selectively reads the data bit stored in the data
regions of the magnetic film, by passing a reading current in the tunnel junction

through the data regions.

According to a sixth aspect of the present disclosure, there is provided a
data storage device comprising:

an unpatterned magnetic film comprising data regions or storing data;

a track disposed in proximity to the magnetic film, wherein the track
selectively defines a shiftable magnetic domain wall; and

wherein a data bit is selectively stored in one of the data regions of the
magnetic film, using a fringing field of the magnetic domain wall in the track to

selectively change a direction of a magnetic moment in the data region.
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According to a sixth aspect of the present disclosure, there is provided a
data storage device conprising: an unpatterned nmagnetic filmconprising
data regions or storing data; a track -disposed in proximity to the
magnetic film wherein the track selectively defines a shiftable magnetic

domain wall; and wherein a d }_‘a bi t sel ectively stored in one of the

Gota Tegrons APCRRIG e sevehrashert GEinaprasent disinsis Biereds *l e magnet i c

domai n Y‘ﬁffdmdéﬁé'ﬂ%té ERFHgd eew,g@lc%ﬁ{ﬂr}é%{&{: change a direction of a magnetic
|

nmonment the data region. 14206321 | RN: 692638SG -7- According to a
sevent h aspecananpatternedesagnetit fiot osmpesingrepliraldy pf datalegiensifra st or age

devi ce co si.n terned magnetic filmconprising a plurality of
SRetialf SiarBA AR P,

dat a reg? y storing data bits; a witing track di sposed

in proximty équttmg PRKE@EpEsdd in”br%?fmlfiﬁtfo'tﬂbﬂﬁa@getﬁhﬁlm%‘ﬂd‘éﬂ grbetic domai n

wal | ; and wherein data bit is selecti'vely wilten in one of the data
r egi ons siiftable maggﬂtmdcmfalri walhyarghi fting the magnet i c donmain vval | in the

t k al t Al d ht h f th
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regions; an insulation |ayer that covers at |east sone of the data regions;
a readi n@lre(rtm di sposed in proximty to the magnetic filmfor defining a
shiftabl e magnetic domain wall; a conductor disposed in proximty to the
magnetic film for passing a reading current; and

According to an eighth aspect of the present disclosure, there is provided
a data storage device comprising:

an unpatterned magnetic film for storing data bits in a plurality of data
regions;

an insulation layer that covers at least some of the data regions;

a reading track disposed in proximity to the magnetic film for defining a
shiftable magnetic domain wall;

a conductor disposed in proximity to the magnetic film, for passing a
reading current; and

wherein a data bit stored in one of the data regions is read by shifting the
magnetic domain wall in the track in proximity to the data region in which the
data bit is stored, and by measuring a corresponding variation in the reading
current that results from the shifting of the magnetic domain wall.

The present disclosure presents a system and an associated method
(collectively referred to herein as "the system" or "the present system") for
storing digital information in an un-patterned magnetic film, the data storage
layer, in a solid state device with no moving parts. The present system provides
a global method for writing to and reading from an unpatterned magnetic film.
Briefly, the present system uses the inherent, natural properties of the domain
walls in ferromagnetic or ferrimagnetic materials to write data on an un-
patterned magnetic film. Data is read from the unpatterned magnetic film using

magnetic tunneling junctions (MTJs). The magnetic film is the storage layer.
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wherein a data bit stored in one of the data regions is read by shifting
the nmagnetic domain wall in the track in proximty to the data region in
which the data bit is stored, and by8measuring a corresponding variation
in the reading current that results fromthe shifting of the magnetic
domain wall. The present disclosure presents a s%/stem and an associ at ed
met hod Te@qutwéw hay beraingls sriptinuqua dayarydthin which mtiple datayr esent
systent) I ghetic film
he. dat a0t 3re, SPéd BOnflald 4 el Bf Bkl e R R BT O Cart s, The
present systigaougrvath dmsanatr@robal met hod for witing to and reading from an
unpatterned magnetic film Briefly, the present system uses the inherent,
natural properties of the domain walls in ferronmagnetic or ferrimagnetic
material s to polte, dahd fin Ay P AR 5 Qﬁgréeﬂa nbti 'Eyep%}%eﬁ read
fromthe unpattern magnetic il musing magnh€tic tunneli'ng junctions
(MrJs). Bdeompyisetiiof rrﬁdlhpieiraagdrﬂmslaperzsg&hlbhymy be képaaaad by.Ma@c | RN:
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be conprise a single mg etlc l'ayer or e conprised of nmultiple
magnet i cddnagseffshewbmérgnﬁyc rbatesnatmlna\teasmﬁylenbmﬁrlrim co,fstaaginm nagneticer | ayers.
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magnetic regions or bits witten into | ayer are stabl e agai nst

ther mal drierdation obﬁwsemagnetmwglqma@r tmsewwm@ucb Iaﬁg@rmarr@@fubeed to
change the . r entat| an of th netic re s . or. bits be much
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Thlelsef | oficIgs, Hﬁflﬂé‘\i@drl &an Bé%'cﬁ%vehcb‘yetyﬁlﬁg tifBoMRirpwail ENesing Yielssi ng t he domain
wa ringin
gegnergted at the boundary between two magnetic domain walls in 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 moment in a localized storage region

within the storage layer, effectively "writing" a bit to the storage layer.

An important characteristic of domain wall fringing fields is that they are
localized in small regions of space near the domain wall. Thus, domain wall
fringing fields can provide highly localized and large magnetic fields that can be
manipulated in space by moving or controlling the position of the domain wall

within a magnetic entity such as a magnetic track or wire.
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generated at the boundary between two magnetic domain walls in magnetic
tracks conprised of nagnetic wires |located in proximty to the nmagnetic
film Associated with each domain wai8aare | arge magnetic fringing fields.
The domain wall concentrates the change in magnetismfromone direction to
another in a etjic material in a very small space. Depending on the
nature of thgﬁgg'ﬁiﬂsncr@atqd bX/Wq’"&?@ewéu pes krge ?Pﬁﬁg'héo pirite s can enanate

fromt hemggﬂgﬁé ”%9@?% bvuthTrﬂégn&'iE‘é\ﬁfﬁ%rﬁﬁé ﬁéfd%e@fse@%‘%dlfﬁ?g‘gr%r%g'ss used to

wite to orage regrons in n oimai n wal |

i s novedThie m&grtltmdetdfehe'&m@mg Giekis|drops i‘@ldl&t\mﬂstilstm franethe doheaihar ge
fields of the domain hange the direction of the nmagnetic rmrrent |n a

| ocal i zewa&t%%@%qqeéyvoapp'waﬁﬂn ﬁff%d@m@rrh\gélﬁrmrag 'Siqsé%?ﬂ Rely "writing" a
bit to t&ﬁ gcf %da}ﬂ?n% &ic: tﬁmS'dT%Fe%@iBE?fé@%Q%B%H n@}tf’q i'c'hh‘ﬁa' !

fringing SIS at they are ocali ze of "space near
t he donsbynvasfing thﬁmstander«ﬁithne m‘elfrorﬁrﬂn@matgrléllveﬂmhe pmpephyosrlt@ibehl ghly

| ocal i zed and netlc | el ds , ulated s ace by
v no. AR TheAPTAG Wk 6e10: fad B apvingane BomammAI I ot 1 &
entity sgehyigs a nagnetlc track or wire. 1420632 | .DOC | RN 69263886 - 8a-

The fields created by the domain wall are | arge enough to wite to nmagnetic
layers with magnetic switching fields of several thousand oersteds. The

magni t ude of frin |eI s dro dly with dJSt ce,fromthe

dorm ' val | IncGR SEREH oy readiais Spradseians WESAIRE SIhgFng 11 ol ds
can be ?@Fér‘é'\}vﬁﬁehﬁ %m%bf%‘nh@lﬁ?“féld%rer\r’nrrﬁégh@l‘f“@&&‘i'laidquﬂé)?H mty to the
magneti c by varyi he distance of the"wre fromthe naterial whose

pr opertwelghb@rlngamagnahgyacmcomprlaecrk@f magaiettic fwitasgiThgse ivdtes, arend by novi ng
t he do

the wi.re, In the ese syst e he magnetic
st or age HRYPBHEoRr Bhfhe FREnEYG Siogede Jaife R arE Mg MAboRTh siaiBpRE%RRES T 1 i ngi ng
fields farermomronetes. IHARBIGhiedREhSstate, the domains may be parked away from
the storage layer in the wire sufficiently far from the surface of the storage layer

that the fringing field may not influence the state of the storage layer.

The domain walls are moved in this wire from one side of the magnetic
region, across the magnetic region (and close to this region) to the other side of
the wire for writing the magnetic region. The current flowing through the wire
controls the movement of the domain wall, and consequently controls the

writing of the magnetic regions within the magnetic storage layer.

In one embodiment, each magnetic region within the storage layer has
an associated magnetic wire which is connected to a transistor so that an
individual magnetic region is switched by passing a current through the
associated magnetic wire to move the corresponding domain wall and its
associated magnetic fringing field. Consequently, the magnetic region is written.
Depending on which direction the domain wall is moved (left to right or right to

left) the magnetic region is written in one direction or the other.

In another embodiment the magnetic wires associated with each

magnetic storage region are connected together in series such that domain
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nei ghbori ng magnetic tracks conprised of magnetic wres. These wires are
brought close to the magnetic storage | ayer where the magnetic storage
regions are to be witten. In the qlﬁbescent state, the domains may be

par ked away. from the storage | ayer in the wire sufficiently far fromthe

f f.th t, th the fri i i el t fl th
2Vat o or Wi 85531 1) BHER e BSoar? Shdie Bl BS) e 0T o
one si deg@fag @ﬁeg{aagr@; hgvmg%gﬁbucaﬁ.rr@ssébw@aﬁa%w fhé@t%'r&@a BegCl ose to

this region) to other Side of the wre for witing the nmagnetic
r egi on. Jeleciedrmaguoetid mglamlstmmtbe:rgbytammmetlomoﬁdomam wad frimgyisgent of the

domai n and, consequ Wit n of .the tic regions
W Ehi n 1 TR BRI NEEs ARG PaJBEIOR e hASsen iAaRere FUaEnTRRGALT | ¢ regi on
wi thin t8gesfed@gRnsan8nolafitte@n associ ated magnetic wire which is
connected to a transistor so that an individual nmagnetic region is

swi tched by paSSI ng a current through the associated nmagnetic wire to nove
t he correspo do associ at ed netic fringing field.
Consequent | y, g" 835“@ qrg@?%ﬁtqrgggv}qyte{gﬁn%%%ﬂﬁglp% @ which direction
the dormélfbrwainl'ely Sit 63 8d dohﬁfrtseﬁcbfrdn%ller(Prﬁag{déli&tsetcﬂoné edt)ark it magnet i c
region is witten in one direction or the I n anot her enbodi nent the

magnet i ccamitigeouasgihcong anothier.nl hesshsmatgyieagretis secligescagi aty #r sizeéonnect ed

t oget her ¢ 2 | RN: 263 SG 8b-
vvalgl S asf %@I ﬁ%éaﬁ%”f# Egéﬂ%ﬁqﬁ%f@(&%& gjeylﬁqz}b%%aqiy RE%W?&H&% her'3gh @ ss t he
st or age d#tglistbragByrefRvisNdrivgnesn devbrgeserijhetoadtihtdiflpyerndieofst or age | ayer
a selected nagnetic region is witten by a conbination of domain wall

f ri ngi ngNagnelicdater YatageeregianssasinsiptedMthneo MREe whEBa iragkgnet i ¢ regi on.
The half- selected regions are not witten. The magnetic filmor data
storage | ayer can be continuous, or, alternatively, it can be conprised of
smal | er nmagndhixpegetredembiduhent, ¢heratagnetic section is sufficiently large such

that the data storage region (or regions) does not extend to the edges or the
boundary of the magnetic section, so that the detailed morphology and shape of
the edges of the section do not influence the magnitude of the magnetic fields
required to write the magnetic region or regions within the section. As a resuit,
the individual data storage regions are not "patterned" into special areas with
particular shapes as in conventional MRAM architectures, but 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.

One advantage of an embodiment of the present disclosure compared to
conventional MRAM designs is that the field required to write the magnetic
regions in the unpatterned magnetic data storage layer is influenced only by the
magnetic properties of this layer and not by the detailed physical structure of a
nanopatterned magnetic element. Furthermore, the use of domain wall fringing

fields in magnetic writing elements may allow much higher local magnetic fields
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contiguous with one another. These smaller magnetic sections can vary in
size, fromsections that are so snmall that they contain only one (or a
smal | nunber of data storage regions§c-or they can be | arge enough to
contain a series of nmagnetic data storage regions associated with one or
nore witing tracks. In a preferred enbodi nent, the magnetic section is

suf fi ci effananepqssible in genarate free alscHical evrgatsRassky hepughegPons) does not
extend t : it [ IC i so that the
detaiIedﬁﬁgggﬂgpggé'Zﬁgs%ﬁgﬁgﬁggqqpﬁéﬂitﬁggaof {ﬁ%k%%@?ﬁgﬁﬂﬁg not influence
t he magndéensiteothanhie posgibéd withfdoalhdstionat grossepoinbdesighe. t he magnetic region
or regions within the section. As a result, the individual data storage
regions are not "patterned” into special areas with particular shapes as
in conventional MRAM architectures, but they rather reside in an
"un-patterned” magnetic filmor data storage layer. Simlarly, the data
storage regions are not localized in small nano-patterned nagnetic el enents
of a particular shape and size, but they are rather sinply regions wthin
an un- -- patterned, and ot herw se honbgeneous nagnetic film The | ocations
of the magnetic regions wthin the magnetic filmare conveniently

determ ned by the witing elenent. One advantage of an enbodi nent of the
present disclosure conpared to conventional MRAM designs is that the field
required to wite the magnetic regions in the unpatterned nmagnetic data
storage layer is influenced only by the nmagnetic properties of this |ayer

. and not by the detailed physical structure of a nanopatterned magnetic

el enent. Furthernore, the use of domain wall fringing fields in magnetic
witing elements may allow nmuch higher |ocal magnetic fields 1420632 |.DOC
| RN 692638SG - 8c than are possible to generate fromelectrical currents
passi ng through non- magnetic wires. This allows for an MRAMthat can

achi eve nuch higher densities than is possible with conventional
Cross- poi nt designs.
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1420632 |1.DOC | RN: 692638SG BRI EF DESCRI PTI ON OF THE DRAW NGS The vari ous
features of the present invention and the manner of attaining them wll be
described in greater detail with reference to the foll owi ng description,
clainms, and draw ngs, wherein reference nunerals are reused, where

appr opr | apRIEFDESCHIPTIGNDE THEDRAWAIGS bet ween the ref erenced i tens,
and whereim FI'G- I is conprised of FIGS. 1A, 1 B, 1C, 1 D, and 1 E, and

illustrates various enbodinents of a nagnetic nenory device according to
the present jnvention;  FIG is conprised of FIGS. 2A 2 and 2C and
schemati cal | Y'§ Y‘?rlh%LiSrf&?é‘éfeé%ﬁ}?d%@.sﬂqgwge%mbﬁadH?ﬁ H‘%”FFQEB“?WQ tHen
correspongj: ; i ; iC
rorory dody oge SFSpIRY fYUleRERUCRAL B ke BN OUIWRR dLgmRr e,
r epr esent and dsahimgst wheraln agfesencemrmerlgasplesiset| whereaapprgpdeteitan wal |
fringing fields of the rrggnet'hc rren%ry ?Ievi ce &f FIG 1, FIG 4 is a
process f INGUFRA EOTFIPGEAFRES REMMEERNEIGISEN oL ReMEoANIWNE S i ng to t he
magneti c nenory device of FIG 1; FIG 5 is conprised of FIGS. 5A, 5B, 5C,
5D, 5E, and 5F, and illustrates the process of witing to the. magnetic
menory devi dd@ft iBloGmptiseBIcBFIGS. $A¢c6Bprd Cséd, ahd RIEGBNd6lusrade s Bariaus]
represents a configuration of an alternative enbodinment of the witing
devi ce of STROCHABREIG! MeABFYC MERTy dsiite agoording (g Piesgnb ERegfion
ferromagnetic or ferrimagnetic material; FIG 7 represents a configuration
of an alternative enbodinent of the witing device of the magnetic nenory
devi ce of FIRIG. 2 iswsmugisedidfiFfpGE. 2pp@B, end 2Ceandrrshrataticaty illsiratesagnet i ¢

-material; 9 Fl 8 repr.esen .conf.iguration of anpther ,alternativ

onbodi menEXRRN ALV RPERT che drie LT s ardhe PG Fe Sesfhl Whthre, o
usi ng i ndgaatizeNBy (Y nRighetie adivelyydeideodiubiey ances. ) in a track of
ferromagnetic or ferrinmagnetic material;

FIG. 3 is comprised of FIGS. 3A, 3B, and 3C, and represents a schematic
diagram and two graphs illustrating domain wall fringing fields of the magnetic

memory device of FIG. 1,

FIG. 4 is a process flow chart illustrating a method of operation of writing to the

magnetic memory device of FIG. 1,

FIG. 5 is comprised of FIGS. 5A, 5B, 5C, 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,



FIG 9 is a process flow chart illustrating a nethod of operation of
reading data fromthe magnetic nenory device of FIG 1; FIG 10 is
conprised of FIGS. QA and 10B, and illustrates the process of reading
data fromthe nagnetic nenory device of FIG 1; FIG 11 is corrprised of

FIGS. 1 1A FigBs r@ﬁ%s%?ﬁtsc? c@ﬂﬁgurjﬁltlHﬁto"f% thed! ﬁttaﬁ{aqﬂge%rﬁ@éc?m tlgf hea\am l?s? G

be used in the magnetic fi erranelc neror

12 is a d|d@m@noftHaJm'agaeimgwemh@ryLM/lw‘ofaFIIG%S1€ru\émg lnfj@hta(ﬂ@ﬁ@'(ﬁﬁalté}néhf‘ely
witing and,readin tracks of the magnetic menory device of

13 is conp‘?roélé%eraf‘c )i 2 Hagk efifarrenmangtia or fernsiadieis raatesiat; er nat| ve
enbodi nent of the magnetic nenory device of FIG 1 using individually
controlled registers to wite to the nagnetic film FIG 14 is conprised

of FIGS. 14AFa@d91548 proacebs fldwishaatiRstaling HOStHERNGf ferbfin of R mory
devi ce of 13; and FIG 15 is corrprlged of FI GS(SH 15A r:ltr?d 158@83%‘9

i |lustrat 50’866?%@9’@%(56?'@@& deyee oh&lGadgneti ¢ nenory device of FIG 13.
10 DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS Conventi onal MRAM
architectures involve the use of discrete magnetic nmenory elenents with a

particul ar sﬁ&Be‘lamﬂc@mp&sédmt FEBS. 10A Bagram)iapalilystRats ﬁ{é’ﬁ%cggs of f Of
exanpl e, conventl onz% B_S%cal and/ or electron beamlithography and
etching. T§9piNg4aty frony eemagpstiy marserieyvies of Fibri;cated on top of

m cro-el ectronic conponents, such as transistors and capacitors, which
formcircuits which are used for the purposes of reading, witing and

i nt err ogat i ngIGhe! ragmepiisedeiBiGs. el BEINES andhes® Haosesis dfachor med
first, typicall Y%@n Si | 'bcon \F/}/afers and then the magnet-ic nmenory el ements
are fabri CReEHASDELERY bEyseArR fhemagaetic i of wnmasnstic mempm deviesef t he
waf er whi ghgeqnpri ses the magnetic nenory elenment..The filmis then
lithographically patterned into magnetic menory devi ces of a particular and

wel |
FIG. 12is a diagram illustrating the use of a reservoir for domains in the writing

and reading tracks of the magnetic memory device of FIG. 1:
FIG. 13 is comprised of FIGS. 13A and 13B, and illustrates an alternative
embodiment of the magnetic memory device of FIG. 1 using individually controlled

registers to write to the magnetic film;

FIG. 14 is comprised of FIGS. 14A and 14B, and illustrates an embodiment of the
magnetic memory device of FIG. 13; and

FIG. 15 is comprised of FIGS. 15A and-15B, and illustrates another embodiment
of the magnetic memory device of FIG. 13.
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defined shape. and size which are aligned very precisely wwth wires or vias
whi ch connect these elenents to the underlying electronic conponents.
Finally, vias and wires are fabricated on top of the patterned. nagnetic
menory elenents to provide the final electrical connections to these

el enent s. nGE Ryor y is very
sensitive ﬂé?Aﬁiéb,yDE\éeﬁl,PfﬁﬁN% PN .S %RE_@)‘EE @%b =c nmenory el enents
and to their precise pl acerrent vvlth respect to the circuitry above and

bel ow t hese el enments. Thus, the shape and size of the elenments nust be
very wel | coﬁlmabhé@aalmwbar@bﬁestureﬁcimabbrigdaylsedjffdﬁsiomeﬂetmagnetiterr@iwyof

the el erre ts | o allow for ever h nor st capaci |es
F'G 1At I9kgents BEh rpadieudt sfsp i Sevhrl Srecogephites Poleresar. fo
memory  deyj O,éoé’orﬁ%lﬂbhél' icBlalRAH e RS o s ANkhSKIaBAY gﬂeré%h ifigfi 1 m 10A
The magnetl c data storage l'ayer 10A is unstructured a oes not“specify

t he | ocat |'b,:p|<cﬁllyetattel$edaemor)belemel1t$ ave fapriceted dre tgeofmidroredecifordata to this
magnetic film used herein, i ndj cates, that the

Tor age | EAPOIENID e G oS TS end Gapa ss oy NER4OTB QLRI Wl e bed
sufficient a
magnet | o 1 Opt S aPPR BF RS WA R oA el d et eI R
section is sufficiently large that the edges of this section do not
S|gn|f|cantl i nfluence the w its.to tored hereln The
Cerm "une nat T BERR GOToRENS 416 TPimES Gt VBkEL PhiicOpRaBle 2g theg the

conti QUOUSmagrY@tfc r‘h@%o’i? (eﬁéfnéﬁts%r@'?é’&ﬂsa@é’d %s@b?l? by'ﬁ?éttd%arp%%ﬂm %b&ﬁ‘tﬁwﬂu@
sections that can be any desirable shape, such.as circular, elliptical,
r ect angul diim anjoss the wafer mdydredrmarises e megnelic Bemaorgeieroant. dhedilies| ar ge

memory devfis s erite Bt e S rfongiR Bacle HEeS ohp baricHi ARERED o°

‘herein as definbdrapkemendize ’BichTdre alighiet vendprdciselR With Sviesor visevHidh many -
tracks made of jndividual magnetic wires, represented by magnetic tracks

such as tGPRERS! hsse gigmeanfs t@féheTﬂ@ertISf'%%EEecérPQ'Cc‘éﬁmPP%%Hsof nmagnet i c
donai ns wherein the

Finally, vias and wires are fabricated on top of the patterned magnetic memory
elements to provide the final electrical connections to these elements. Typically, the
performance of the magnetic memory is very sensitive to the detailed shape and size.
of the magnetic memory elements and to their precise placemeht with respect to the
circuitry above and below these elements. Thus, the shape and size of the elements
must be very well controlled. This becomes increasingly difficult as the size of the

S elements is shrunk to allow for ever high memory storage.capacities.

FIG. 1A illustrates an exemplary high-level architecture of a magnetic memory
device 100 comprising an unpatterned, continuous magnetic film 10A. The magnetic
data storage layer 10A is unstructured and does not specify the location of each data

bit, allowing very dense writing of data to this magnetic film.
! As used herein, the term “patterned” indicates that the storage layef is comprised

of a series of sections, each of which is sufficiently large to accommodate at least

one data bit that comprises a magnetic region within the magnetic storage layer. In
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magneti zation alternates fromone direction of magnetization to the
opposite direction preferably along the tracks fromone domain to the
next. For purposes of illustration only, the magnetic domains in _
nei ghbori ng tracks are shown to be oppositely magnetized in Fig. 1A but in

operation r etr t he next
rack needtagioth E8Eh SpuRth & sUIRABRI Rraf DR 4AS erbfn o B brA%H &Fap) ot he
witing ekgmifidantly infileRcdAhe WRINgrdfidla b Yo 8 stredshsidivat ed both above
and bel ow the plane of the magnetic film 10A. For sinplicity of reference,

exenpl ary tracks 25 and 30 are also referred to herein as ]tcjploer 1t roicks

h b th I netic fi.lm
S 1arly, - Hanrr e P8R4 Soct oy Pifieslas 207 Be SRTage 14V ds EPAISUELS! over
tracks be@ﬁé‘ﬁ@leté‘t?é/y 8f ﬁoIé@ﬁ?@ﬁ@ he! %ﬂé?ﬁe@'r@@@n@faré BECHBHINGLL Eafl bé%‘f%ﬂg .

It should be clear that ternms "upper | ower”™ are not used her

as limti dgswatéembabatswm azcir¢war, idllipisat, aewtenglplarmmmsem(;rlt;apelﬁmdﬁm S

exenpl ar track 30, 35 d 40 are fornmed such that

ar cm)l i kgpggg Ctt'l‘?g's\}?ﬁapea eV Erﬁé?rgteo‘ﬂhq‘r‘ 8 GREPIES @G PT MCL® EXYS Phta i s
witten |a@|gmr%a@frué1§tbﬂsblt represented by data bit 45 where the arch-Iike
bend of a track above the magnetic film coincides with an arch-1ike bend
in a track below the magnetic film 12 The magnetic fiImlOA is coated with

I
Thi n 1 nsul ar iy Ry Bre ety et ababetscs SBnef B wligs BRuRes Yol her v se

both of thdeeednsubasinBE Witiey Slermntf 20. mﬁ&@rltm@ BelicB 0 is RonfHERANS 7 JW
nmagnetic- tunnel junction for the {)ur pose of reading the state of the ta -
8

bits in t¥acks apde of dndividyal maan ¢wgeﬁalte@rre%ﬂntgdubwnametmeacrmgemas film
10A and t i I n ro
fabricati ﬁg‘”{ﬁ%&’ n%tgr?g)f ?gef ﬂ] %%BKQQ% %ﬁmgﬁgﬁ? ?I'Wg el iﬁ@ﬁ ?‘SI?'BIW? a
“solid st amagrrenmt;omtarneteswten oaecxureroelbh dfsnagam@dtlcbﬂntd)u@m;gadsﬂér omagneti c
met al , 5: rrent V\Q ed of spin-up and spin
el ect r ons® Ir%Qgpgncggfeg | ‘Eﬁ%mezté é%mﬁne( ain o the next. For purposes of
illustration only, the magnetic domains in neighboring tracks are shown to be
oppositely magnétized in Fig. 1A but in operation the orientation of magnetic
domains from one track to the next track need not be correlated and may vary

depending on the history of the writing element.

In FIG.1A, the writing device 20 is situated both above and below the plane of the
magnetic film 10A. For simplicity of reference, exemplary tracks 25 and 30 are also
T referred to herein as upper tracks because they are located above the plane of the -
magnetic film 10A. Similarly, exemplary tracks 35 and 40 are also referred to herein
as lower 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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el ectrical conductivity of the spin-up and spin-down el ectrons can be quite
different in nmagnetic netals. Wen spin polarized el ectrons (which, by
definition travel in the opposite direction to the current) are passed
froma first side of a magnetic domain wall to its other side, the current

on the 11 1t 187 TRGSETE AR DebiereSiled iR, ilpuPliater £ SR s ShirEde "
del i ver sphB-HeNeRNy Wtﬂﬁﬂ rRutding 19pRas kebyttomanefdcee ®rardrablyaneosy t he

second side of "the wa Ich causes the nagnetic nonent on the second
side of. bheewitd botb afdheseinsutadingdgyaraduey feagt the turagirsriier eonaeremaf|a t o

nove in the direction.of the spin polarized electro €. .in. th

opposi te H?%&ﬁt'ichn’?% Wrﬁ%t'o&fpfﬂ?ﬁ p‘dripPé‘éﬂ%é%?(ﬁ?%?h%%i‘? Pt Wes%qtﬁ-bb%l'%ﬁi]%ed

el ectronsfaye\{\h@rA_the current is passed in the reverse direction the donain
walls will "also nove in the opposite direction. As current is passed al ong
the tracks (i.e., track 25 and track 35) of the witing device 20, the
domains in the.tracks ar ved to.the left or_to e right, .dependin on
the di recti dh ats el SCieb fon e maphe b8 bR PPy AP AREIRE ¢ Pom
the domabp Ak iSmMdetdiry thBS rBBERESf fabfittAglth®Anadhandilieo bpatks, each
of the fringing fields associated with each domain wall may be witing.
However, whidingiedénteot 20 He fofmiangplidgstaieondmarg deiesen such that data is not
witten 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 biwrh a thréhtG pAssédenrblg kFeabmaghenp néthh tie s@rrésts walicHigmai n
wal | s regularly spaced along the tracks with the domain walls forned at

‘the boundapmgsispeiafepin-viegndreintownirieatiask bepaigre sPitROIRAZep peSPYSE the.
directiong along HH&,& thd séiga]'rﬂagpggghﬁﬂmﬁ%%ron%{%%ﬁ%&ui@-@eﬁ]@%l S

do not ne esgarl 1"y neem%jfbe r r paced apart.
domai n wahiagreetie raétawn Wihehtepin pglarieed efdctionat(ehioh, biyatefinhiey teave! imothe
\év(r)l ;[Esn?| ][ggp}a&ige%gﬁegggnﬁec{nlﬁgc t ét%&?r%ggf%%sgmﬁsggg fri%ﬁweg?}rétosri]dg ]:)f zta rpr?agmr{étfc!%gngﬁvl §e

wall to its other side, the current becomes spin polarized in a direction along the

direction of magnetization on the first side of the domain wall.

The spin polarized electrons then deliver spin-angular momentum to the
opposifely magnetized material on the second side of the wall which causes the
magnetic moment on the second side of the wall to rotate, thereby inducing the
magnetic domain wall to move in the direction of the spin polarized electrons, i.e., in

! .. the opposite direction to the current direction, for majority spin-polarized electrons.
When the current is passed in the reverse direction the domain walls will also move

in the opposite direction.

As current is passed along the tracks (i.e., track 25 and track 35) of the writing
device 20, the domains in the tracks are moved to the left or to the right, depending
on the direction of the current. As the domains move, the fringing fields from the
domain walls write to the magnetic film 10A. Along the tracks, each of the fringing
fields associated with each domain wall may be writing. However, the field of the

fringing fields is chosen such that data is not written to a data bit 45 unless the
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FIG 2 (FIGS. 2A, 2B, 2C). The witing device 20 is conprised of

ferromagnetic tracks or wires such as wire 25 and wire 35 that are placed
in proximty to the magnetic film10A. The wire 25 and wire 35 are brought
in closer proximty to the film 1 OA by the arch-like bends in the wres.

As illustr f I S erpomagnetic track 25 is _
conpri sed fg}bﬁﬁlng fﬁ%ﬁ;i [ tﬁé)&%{' t%&%?sgi (%/Oéﬁ @ﬁﬁégﬂ@‘?‘hsﬁﬁﬂg'% f'@@!‘r‘gf‘ﬁﬁ‘}wﬁbgl ns
205 and 21gck 3mgpelied wdthiersampdaid bit dor ecti ons. Ferromagnetic trac is

. , : . 2 ed
conprised of a plurality of successive donains 215, 220, also magnetize
inngpposite directions along the track. These nagge;gg dg)ﬂalns,b 505eﬁndThe
210, and, 21 2 I d i wal | s.225 and . , ere between.
magnet i zat i oﬁ‘ g!t?ég‘t &oenggé%y%ﬁeQMWHgaazﬁ%”%ﬁf ’B?'né’f‘@l,s_ "2yl cpraegdar e
set duri nglaryg the raeks with ittﬁtﬂd@iﬁnalimﬁ/al@mh%éodﬁt"thé%ou-ﬁﬁﬁriéQBEh@ééfrF% i, 5t 2ge
needs to he carried out only once, after the nenory has been fabricated
and bef or "¢ H@ckpEragnedredin ppeositndirsctivesiaieng e sadls IaslbolmlﬁlbeSLlhﬁgbrbwloUhe
detail ed i f 1 j ¢ tracks and by, for exanple, applyin ar ge
ext er nal @n@%ﬁgglc@rﬁ'gﬁv&s’ i ﬁé{eﬁecﬁf&ﬁ@[& @@&J@ﬁ@er_e%}"?é@lﬁﬂa@ﬁgla%ﬂé £.the
tracks carAaltisedbmatisivalls iasdedowy ih m&ﬁﬁbiegcém%'@t%:&? thgpﬂ%'gné’\refr{o?%ﬁiﬂﬁ t§ nds
of the tracks, for exanple, from magnetic regions whose gnetizatio an
readi |y b&'§ BAAEHCHIYRIBAENdi rection to the other in magnetic 14 fields
snmal | er than those which are required to change the magnetic state of the
tracks thensel ves. These magnetic regions may, for exanple, be w der than
the tracks Bimopetationroiginetiriting Wiehvivel 2wisf iil@dtehted b%ﬁé@l’é&ddtﬁﬁa'lﬁo%\'g@g‘giﬁes or

. regqi roximately inversely with théir w . ‘
: Frgglng?is'c gg@éﬁ?%?ﬁ&ﬁ&m A1s WiingfeiCe BB islepmiprisetipf fesramagnktical ong a

Lrack o Wabks BYwRBSSLBA & \GH DS oRbhoas!LE LN B 1 BY MBI 19,8 seauence

of domain wall injection and current se in Fion, a

'sequence MeENgdedinm A Theosine B6 arst wink BShead babugly iearzel pARSEMIIRS the Mg

magneti ¢ 49RYNRe arch-like bends in the wires.

As illustrated for exemplary purpose‘s', the ferromagnetic track 25 is comprised of
a plurality of successive domains, such as exemplary domains 205 and 210,
magnetized in opposite directions. Ferromagnetic track 35 is comprised of a plurality
of successive domains 215, 220, also magnetized in opposite directions along the
track. These magnetic domains, 205 and 210, and, 215 and 220, define domain
walls 225 and 230, there between.

The magnetization directions of the domains 205 and 210, and, 215 and 220 are-
set during an initialization of the memory device. The initialization stage needs to be
carried out only once, after the memory has been fabricated and before the
operation of the memory device. This is accomplished by the detailed design of the

magnetic tracks and by, for example, applying large external magnetic fields in the

proper sequence.

The initial state of the tracks can also be established by injecting magnetic
domains from the ends of the tracks, for example, from magnetic regions whose
magnetization can readily be rotated from one direction to the other in magnetic
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have been set up in the tracks, they are subsequently noved only by passing
currents through the tracks for the purposes of witing data bits to the
magnetic storage film Wth specific reference to FIG 2B, a first donain
wal | 225 is associated with fringing field 235, and a second domain wal |
230 is as j | r-AQ [ : - g, wal | s
225 and- 25005 TS Y HosE I ol € gt to Pl I0E It ESAETR NG 1%, o° o
dat a regi pagkscihesesiivdso Thesemmagatiic rdgibme ha@Afortdxanpe e witprehagthdield
emanating fromthe domain wall 225 in conjunction with that emanating from
the magnéacks tibeaithe magneigewitchingdiald pt hargowevagretizoviseeotwmdRifed to

enable th LI f. [ region, within the magnetic
st orage f%%}%%% ggg%v)\(/}rﬁ?{e%ﬂ{ @V?hsee,lwgﬂg&%&g@tﬁr age film1l QA the witing
device 20 selectively changes the direction of the magnetic nonment of a

data bit 45 in the magnetic film 10A. In the present illustration, the
magni t udes éINaen@ Magnedicitpriaieliziinjeded dna thawire thpsioneainteay he nemgset i ¢

Fespect 1 AR Ao K P EE S5 AR A sOMERL BTt MotV BRI ed Busscs: e
nmagneti ¢ éfiddmainQball fﬁgélﬁiontd”rﬁi cwmesRtpusd indneéddofiaeh dafisecfdrataeskdliehiet he
domain walls 225 and 230. can be used to provide a highly localized and

| ar ge magpletaraaini walls ean baestakgheed alongtencadeack. |Qﬁopd)xsa_rawr_eﬁ/u0r@omai@sTh
rni toda B THE 1 aTrgerTarg: 35y And b Tup I BHORTCOR AT ng

devi ce 2Ccureerthehroaghehée dratksd forkhOpuepuselefaaitingoddtaditeto tonhraginktiog t he

relative | ocation of the domain walls 225 and 230 in the witing device 20.
I'n additigffag9efdM- ocation of the domain wall 225 is controlled by applying

‘a current 250 along track 25. Simlarly, the location of the domain wall
230 is controlled by applying a current 255 along track 35. As shown in

FIG 2C, th¥Vittospecifiowdfeser223odne. 2B)adirg dowaid vealby25 rscamsplb@tedmadgthet i ¢ bi t
45 by currents 290,809, 292 s eRA MRS Wall AT & askBEialid with fiding §lid 246
When both of the domain walls 225 and-230 of the writing device. 20 pass the region
(also referred to as data region) closest to the mégnetic film 10A, the large magnetic
field emanating from the domain wall 225 in conjunction with that emanating frdm the
‘magnetic domain wall 230 of the writing device 20 are combined to enable the

writing of a data bit, in the data region, within the magnetic storage film 10A.

To write to the magnetic storage film 10A, the writing device 20 selectively
changes the direction of the magnetic moment of a data bit 45 in the magnetic film
10A. In the present illustration, the magnitudes of the fringing fields 235 and 240,
applied to the magnetic storage film 10A, decrease rapidly outside the region around
the respective domain walls 225 and 230, either in the writing device 20 or the

magnetic film 10A.

Thus, the magnetic fringing field associated with the domain walls 225 and 230
can be used to provide a highly localized and large magnetic field to the magnetic
storage film 10A, allowing the writing of a small magnetic region 45 within the

magnetic film 10A. The magnitude of the fringing field 235 and 240 applied by the
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tracks 25 and 35, as shown in FIGS. 2A and 2C, have notches on either side
of the arch shaped regions in these tracks for the purposes 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

empor al UG IGHET QL e PEERBUE A dPA b he Rl b s ERlna e ar e

moved fr omelatige lqwaitiohas RoabHIATwANS 208 A3l hBSAIfLlishaped region to
a second notched position on the other side of the arched Shaped region.

Buring the notion of the domain walls between the ”Ot]?.hef'deSi ti gns tEte
domain walls apd.their associ ated magnetic fringin i el ds are broug
close to thelﬁr'%(gﬂté?q’ghegfc '88@?5??910 n Wé_ﬁ 2t2I§_éS ﬁﬁ@%@'ﬂ%%?@%@@ & iCUFENS
subj ect ed 260 ohearek a8d dipahy 268 1o AR fie boflth WA €NorlBISEh, L e
magneti zation direction of the small magnetic- region in one di n or
t he opposiEPelylig @cuirent 2b% akmamratke3s nmagnetic bit. In FIG 2, the witing
of the magnetic region 45 in the magnetic film1l OAis acconplished by the
conbi nati on of the magnetic fringing fields fromthe domain wall in the

Lyack 25 aboueshdindt PIGIEC! i AL 390bol DD bUdCk 2P rREl Y e

storage layer 10A. In another enbodi . rnventi on witl o
acconpl i smnsycbﬁémgemrems 250 ianrgﬂi ﬁ?ﬁ,f neebdctﬂl\ree?irncaﬁﬁ;e![rgl;e;gglfﬂj?ne?&m " Ir(r)]m
a single K, gl abovye or. e g _ _ :

G 1A {'%g&rr%éﬁbpﬁ:&ﬁﬂ OMA“ﬁﬁegl&ﬁma%%ggyéaﬁ? PRIEGES Aneitharside @feilhﬁaed_
magneti c élichrﬁha‘d@da%gronsliﬁtl%itefraéi@fé@'!tﬁ@ﬁﬁ?osbg |o\"ﬁ;<iﬁ§tt§tggo£ﬂ[)nedfw el’ In
FIGS. 1 B through 1 E, .the magnetic filns 10B througl , respectively,
are conprieaainowallswhenghey seenolopringtuseddoreviiingrat eri al  each distinct from

one another. For exanple, as illustrated in FIG 1 B, the magnetic film1l
OB is conprised of a series of approximately circularly (or elliptically)

‘shaped sect iDoming theevrjte dpbratidl? cubk@3t puber Qioh & silBes 95dak Rig Jyay be

sel ecti Veéa/pli\{\aﬁditgttﬁg '_reérpheec:?ise %rea% é%gsanldO%S (;flggfﬁciégﬁr’nagnitude and temporal
duration that the corresponding domain walls 235 and 240 are moved from one
notched position on one side of the arched shapéd region to a second notched

position on the other side of the arched shaped region.

During the motion of the domain walls between the notched positions the domain
walls and their associated magnetic fringing fields are brought close to the magnetic
storage film so that the magnetic storage film is subjected to a large and localized -
magnetic field sufficient to set the magnetization direction of the small magnetic-

region in one direction or the opposite direction and so write a magnetic bit.

In FIG. 2, the writing of the magnetic region 45 in the magnetic film 10A is
accomplished by the combination of the magnetic fringing fields from the domain wall

in the track 25 above the storage film 10A and that from the track 35 below the
storage layer 10A.

In another embodiment of this invention writing is accomplished by the magnetic
fringing field from only one domain wall from a single track either above or below the

magnetic storage film 10A.
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.sections 101, 102,
tunnelrng barrier | ayer within a magnetic tunnel junction reading device.

are distributed along, and aligned wth, each "colum" and "row' of witing
devices wthin the witing elenent 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 nmagnetic film The
magnetic bit does not extend to the very edges of the magnetic sections,
so that the witing fields required to wite the bit are not affected by
the detail gdrabang pBdagiakoliegi0Als shwevedgescaitinubes sedtimpsttafiéd 102,
103. Thus,- the magnetic sections 101, 102, 103 do not need to bFe ser
al i gned whagnetiefing orlpwepends ataispeRodimeniss WBistiaigshder %qua'@kgl |§-§%c1%dt ed

wth eac sec nmaki ng t f r

si npl er, gir?gatﬂﬁ ’P%%% ic ﬂwgn@ﬁgﬁﬁﬁgﬁQan{)éél}J%gnge%ﬁece I'n tﬁh
embodi m%uhlﬂé@éd’(%ﬁ@%f nhﬁr%‘tl@ matesial b&sh atihastbratonedandlier s 158,
correspond 1 nh shape to, and are fornmed on, the sections 101, 102, 103.

However, the layer 15B nmay al so extend beyond t he edges of the rragneti C

sections 10 , 102 103, d

section to taasr@rpgee@e.'r%“‘raﬁ”?ﬁw o Tof R BRI d &7

det ai | ed Jmiast ré%@t@%ﬁ:lr@mﬁlaﬂif (shelliptiRlppéhp stesadtibnd eneé. s:eowooz 103
Furthernore, the | ayer does not need to be _PreC|ser al i ned with the

maggletl c wmermrsecsmgbﬁhdatmﬂlt mey2e selsctivete wridiear e seetigns dAMyT1@ovids. t ne
m e porti th Q. h
magnet | (F:) q?éﬁ%é'gﬁ?d @8”9’95&64 %l?grﬂegic\%/m ne ﬁ%néow& %’?“0?8% r6¥ea E%VFS? goggg.er

17 A si me;nitmwrmhg%méﬁmo.nay optionally coats the underside of the
03. This optional insulating |ayer may also forma

However , Fgﬁor’?seﬁﬂ o2 483, ré%% icieriy IE%@&@&ME'&W sndaiyrkiit and

i ntersect vm one upper 'trac one track, t'he | ower track

‘may be i rbrted;@dtertretaah datenbachowntih Hl@eMngnemamn@bwtthmmrmﬁleQi@n afdioé at i on

ayer betr\rl\rggrqetgchﬁmw&?rrr]ee trr%a%n?a Ctbiitod"oeasnrgotter;(?endo %Ne rhetvre?f/:lédbgs g?ﬁr%er%agnetic :
sections, so {hat the writing fields required to write the bit are not affected by the
detailed shape and morphology of the edges of the sections 101, 102, 103. Thus, -
the magnetic $ections 101, 102, 103 do not need to be precisely aligned with the
corresponding upper and lower magnetic tracks associated with each section,
making the fabrication of the memory device much simpler, easier, and less

expensive than comparable devices.

In the embodiment illustrated herein, a series of insulating layers 15B,
correspond in shape to, and are formed on, the sections 101, 102, 103. However,
the layer 15B may also extend_beyond the edges of the magnetic sections 101, 102,

103, and may also be continuous, extending from one section to another section.

This extent of the layer 15B depends on the detailed method of fabrication of the
magnetic memory device 100. Furthermore, the layer 15B does not need to be
precisely aligned with the magnetic film sections 101, 102, 103. The layer 15B
needs only cover the middle portion of the magnetic sections 101, 102, 103 that
touch the upper magnetic tracks 25, 30, to form a tunneling barrier for reading
purposes. | |
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FIG 1 Cillustrates another enbodi nent of the witing device 20, wherein
the nmagneti.c film10C is conprised of a series of approximately '
rectangularly (alternatively square, triangular, or any other suitable)
shaped sections, i.e., 104,.105, 106, wherein a single data bit my be
selectively witten. These sections 104, 105, 106 are distributed al ong
and aligned with each "colum” and "row' of witing devices wthin the

writing el enBraimitgr insulatihg :ka}@mimw opfidnally coets #e Giddrbislel gftthe@ge bty $015C,
c_or_respondI gnﬂg t%gg for med on, the sections 104, 105, 106.
Sinilarly F@y%ﬁ@' WQeIQV‘Pr BRYials e tyraeling tharmadayer \Bithinhe
| ayer 15C, rﬁggn@ﬁc Mrﬁ'eiﬁ:ﬂck@n ?é%d%ﬂ{g dE9ic8. W&Né)vrér\’\’ggé Rk h?\ﬁ%%ﬂé "85 k?0£5

30 cone in proximt tot magneti c secti ons

Al t er nat i V@Bycontdie d siyigle dla’ié:brtaa)ndalaterseﬂtwlwanl? IRl WRRET tFRUEH 6neS Rivldrons.
A corresp f&Fknﬁ%st hin insul ating. | ayer optionally, be disposed on the

under si de IqyshEaFE Maydhe wh%lemwal QQIHaCtl\M'@ the magnetic sectist amd es
anot her Qﬂn”%pér PLinleln '[Wé{ltl tf%eéléc?:an%%d tﬁ%%v%érntééc b:,gpnéi gric filml

OD is conprised of a series 0 At hi s
enbodi nent, a series of insulati ng | ayers 15D, correspond in shape to, and
are formedd%&,t tghﬁysectl ons 107, 108, 109. FIG 1 E illustrates another
embodi ment HE HHpirates aethes € mbodipeat of e wetingrdgweei2d, whiensin toE i s

conpri sed s enbodi nment ,
a series gﬁj |n%é|E$ILT?I?§O 'sa&gﬁ%}%?é)ﬂacg??ee%&g%d& 5}"“%%% reF%ngg Yare forned
on, the s@ﬂteur@ats/eiylequareltnangmarmrarmy bmemsuhab|epvbn@béne§é@mﬁrﬁom HO4FHES. 1
.D.- and 1 E @é:’l ﬁorrespongg gg n?ul at ng | ayers 15D and 15E may,. on the one
hahd, be 1Y% YRefEiThaSNds Jrtaki By be ?ﬁét'\‘%tj“ﬁﬁteaf ThasgseahpdsilAft Y0Bf t he
upper tra¢d¥6a?é‘613‘tr*@t@@ﬁl'tﬁ‘?g‘§ncfhl'lé’ﬂé%fwﬁﬁléac nediDfn talﬂar‘rmngfwnt?\

_.contiguous between nei qhborl ng tracks. Sim (f t here deVI(t‘,er a
thin i nszﬂamlthg Writipgre @lmenhé ] dWethlSsembadlmeIﬂ a lsene@of mpmmdgrl@ymg@ah c

ragnet | o CSBErIRan Ao SR e PR i Bhe Ogﬁsf@ﬁﬁ%ﬁhiﬁgt ey behave
i ke an un- patterned _
Similarly to the layout described earlier in connection with FIG. 1B, the layer 15C ~
may be limited in extent to a region where the upper tracks 25, 30 come in proximity
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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magnetic filmto the individual magnetic bits. Thus, the peripheral region
of the nmagnetic 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 case of conventional MRAMs wi th individual

tt d ti i . i
e bent ot "ol hinS eomimels sl PSS i e srbobi FELSEnb
conj uncti it i nt i WG f
o a magnatSlS b AT SEIRA GRS Hand A5 Ired TP HRc B o e eER L plom ST
are conprigesh pieixirhity Botherggre tiacks andithe ndimediodilid i may, fon thieeither hand,
magneti zations directed along opposite directions along the x axis. The
ar Elovvs, sltilﬁhC%lg@JDuS\beM@n PelghbsERg trackagREniiamheiRiMayPr Maydid besg ihin
i ndi cate l.ocal, magnetization diregtiao i i [
305. _poi nt BRIV BRETe T F RS e f0e FRAR PR Bt Doi nt to
the left. The domain wall 320 is the region in which donmains 310, 305 of

opposite polarity nmeet. The change of ma%n_eti zation between domai.n 305 and
domai n 310 i Regorrdess oihew thexmagnetis fitin 10rie §PBIPT§Ed ®b SEIMEHHIAINGHS),

creating a |l arge .dipalar fringi j I 3 f

ayer | Thacebpiihe SRains de O et R The  Benn e A B g e,
FIG 3B. Thagndtid M@ taahkiimdididBal abretd beedThos| themeeipher eebiov ef te r egi on
of, for exanple approximately 100 nm in the x dinension. The FT ak val ues

of the corpagreticsseagiion, By, thendetgiedshapr apd imgihglagyaf dheedgse ol NER8T R ed
in FIG 3 [ : - ; [ b 0 fkelfd is
a'so ool TINTRE B8y BriRl mdyNg FlsBhaneBrs, Kehush) RONRRASERS
regi on of cappentdmmMRXNVROvitmirdivit el pattermext tiagnetid 8toFags bitéri nging fiel d
conponents Bx, By, and Bz are very high in the region of the domain wall
320, and drop off rapidly with distance fromthe domain wall 320.

“Consequent | yFlé.@(ﬁlGS@AﬂgBﬁ i3@rzdm§nia$esl PRt drrept andomufifsi, abenid wallarae f or
use to magnetize a second magnetic material in a small |ocalized region.

The det ai Ifedgingdieldsude usad is panjuactivapitatthe present fiverdapohkat I showpan
fring ”9 exemplary layer of-a magnetic material, with - which the tracks of the writing element
20 are comprised, with two.magnetic domains 305 and 310 with their magnetizations

- directed along opposite directions along the x axis.

The arrows, such as arrow 315, represent'a magnetic moment, or dipole, and
indicate local magnetization directions. The magnetic moments in domain 305.point
to the right, while the magnetic moments in domain 310 point to the left. The domain
wall 320 is the region in which domains 310, 305 of opposite polarity meet..The . . ..
change of maghetization between domain 305 and domain 310 is concentrated in
the small region or domain wall 320, creating a large dipolar fringing field emanating

from the surface of the layer.

The relative magnitude of an exemplary fringing field B is shown in FIG. 3B. The
fringing field B is localized and concentrated over a region of, for example
approximately 100 nm, in the x dimension. The peak values of the components BX,
By, and Bz of the fringing field B, are illustrated in FIG. 3C as a function of out-of-
plane distance. The fringing field is also localized in the z direction, and is
concentrated primarily in a region of approximately 20 nm in the z direction.
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~shawn in a quiescent position within the magnetic trac . _
regi on s50RgNEtEatigniMagneticemaant wgr deitivokinze), the Magnetic aAisotgpgsindtthewr i t e

field B depend on the details of the spatial variation of the nagnetization
in the domain wall 320. The distribution of the magnetization wthin the
domai n wal | depends on the magnetic paranmeters of the magnetic material in
the magnetic layer conprising the nagnetic tracks of the witing el enment
20, particularly, the nmagnetization (magnetic noment per unit volume), the
magneti c ani sotropy and the strength of Lhe rraggg;el;: gaxc_hang;a_, Ea vvelé as
the thi ckneShesadinging felafcdnsonemamst By, bAY Bz ar IhShRee th

used to wite ﬁ@éﬁnng?% regions within the magnetic HP%B V&@n t(ﬁe

donai n m&qm@fnmﬁb?»%\ﬁm osdf rapidipatithedistangadtdne tmademaid watl 320l ar ge

i ngi ' : . . ne di ' f th
mgne i ¢ coearenfl, TGRS SR B el S and sulclensbiiad bELsSor i ng” 1o

thi's magnesdetireteséednd Mabhetid HEE MRl srA20icallRerdRyed Within the
; K of

magnetic wire of the magnefic track of the witing el*enment 20 by passing a

current through the magnetic material of the nagnetic vm'rg.tha:.is .
er pendi cul t.he domajn, wall 320. The . magpetic nonent direction o e
gorrgi ns canﬁﬁ%tdg}q”ﬁgrm%'?iweﬁfbé aP"f%t@étV?Bﬂt'O’bgpt %@‘P@Wtzoﬂ%f("@#ng

er pendi g ' bi t i ' I t.he,. i.ng _
per pendi g8l depeh ot RoBhe BAIERTRER AR A DRI RES
nmonment s SPEED &Y &ﬁ Theadistrifiutiontafdne magretinatior 0Rthif thehdormaintwalg devi ce

it i invention, is illustrated by the
process PPBaGh e N BR R BRTEr B MRoBBHF Graeiern e iRancte BT GS
5A, 5B, BEnpribing temBagnet tradkatofithe wiRiHEEIGhRA Q@%@%it&la hy hge fields are

o) e awite 20

[ ' ; AL (bl ack 405 of , Fl t he menory
Syt om t Fare Dy Rl R S A £ e AR ol g0 -t e

“magnet i crre@natistayesmge filmwill receive a nagnetic nonent pointing ri_ght

(a right nagnetic nonent) or a nmagnetic nonent pointing |eft

The fringing field B is used to write magnetic regions within the magnetic film 10.
When the domain wall 320 is moved close to another magnetic material, th-e.larg.e_
fringing field B of the domain wall 320 changes the direction of the magnetic moment
in this second magnetic material, effectively “writing” to this magnetic material. This
domain wall 320 can be moved within the magnetic wire of the magnetic track of the
writing- element 20 by passing a current through the magnetic material of the

magnetic wire that is perpendicular to the domain wall 320.

The magnetic moment 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

writing element 20. For very narrow tracks, the preferred direction of the magnetic

moments are along the track direction.

A method 400 of the writing device for-writing 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 domain wall and its associated magnetic fringe

fields are shown in a quiescent position within the' magnetic track outside a write
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.. 435). 21 The writing device

(a left magnetic nmoment). If, at decision block 410, the data bit 510 is to
be witten wth a |left magnetic nonent, nethod 400 proceeds to bl ock 415.
At block 415, a current 515 is applied to the track 520 of the witing _
device 20 in FIG 5A noving the domain wall 525 in the positive direction
bl ock 420),. as_no e directional_ arrow of current 515. Track 520
i(s | ocat edég'ﬂa\@}t &fggnég‘xgm‘@ wriling degce 129 'Pé:égogsé reguesidoyppeidada ison of
current 5 : in0gi i is noved to within the wite region 505
(FIG 50 }e%lé& qugﬁgnvésmgh&yggé}ngi n wall 525 at an internmedi ate position
between the quiescent position in FIG 5A and the witing position in FIG
5C. Concurrently and in a simlar manner, a current 545 is applied to a
track 540 Ioﬁh?%’&kﬁgﬁd%ﬁ'ﬁe“,HﬁgfﬁémodyﬁV$tﬁﬂlU?n§J?ieéﬁh@djab%l(Q)éhdi)tElIKPar to
track 520 : : f ur hat the current is
flow ng i o I‘Hﬂ@eﬁqﬂgeﬁt?t@ﬂ%‘@{@q% 5? é@ﬁqlldé%%%@?ég? ﬂd}g‘t{)@” telct%ﬁ\éelfﬁ,n?aagrﬂ?t'&nl y at
data bit widmeht poiktiv@Pighnt tigiteKagdéticamenteotNod Antdgpetc nidrAshhiktine Idthe
data film 10. A current 545 is applied to track 540, novi ng‘the fringing
field 550 (@iethmagpgtc merment edfi shdewsiontheckvtthdbe data bih§d Ofis to be vBt@nand

550 wite, ol I g t direction of the
magnet i za'?\lnt?)jga E%nggbgtlgﬁong%rg, %ﬂgﬁ(ﬁggﬁoﬁ%g%ggg&gﬁr ection. The
currents 515 and 545 are then applied to tracks 520 and 540 (bl ock 430) so
that the fripging fields 530 and 550 are renpved fromthe region of the
data bit 510 PIPRE4{p; AGHHENE P ED Hsammied tgsbe fragk 980l the Meiting slevits 20 pL i or
osition e tder bof A : , (
A S oo e con A B8 i BPRRRU R Idc B30 DR 4o0fias yBe
‘pr oxi m t ybpfthe deectheam etriosv of ¢urrelr S16r Toadky5 20nisi losdtadtabooe the magi@ftierﬂr?]mned
eriod of }i that is, sufficjent to wi to the_dat it 510 of the
agneti o AP eSOt \dinsrARRIISEUSH of Pyt 4. Fad s TSBLoubls r9aeed R
“appl i ed t hH@tie ,kggqor55Q5-i(|s|d_ag(ge only when the domain walls tracks 520 and
540 are in proximty to the magnetic storage film10. If the data bit 510
is to be witten with a right nagnetic nonent at decision bl ock

FIG. 5B shows the domain wall 525 at an intermediate position between the

quiescent position in FIG. 5A and the writing .pos.ition in FIG. 56C. 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. The end of the arrow for

current 545 shows that the current is flowing in the 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
proximity to the data film 10. A current 545 is applied to track 540, moving the
fringing field 550 within the write. region 505. The magnetic fringe fields 530 and 550
write to the data bit 510 (block 425), changing the direction of the magnetization of
data bit 510 to point in the desired direction.

The currents 515 and 545 are then applied to tracks 520 and 540 (block 430) so

that the fringing fields 530 and 550 are removed from the region of the data bit 510.

' The fringing fields 530, 550 may be returned to their prior position or moved further
down their respective tracks 520, 540 (block 435).
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410, method 400 proceeds to block 440. At block 440, a current 515 is

applied to the track 520, as illustrated in FIG 5D, to cause the domain
wal | 555 to nove in the negative direction (block 445). A fringing field
560 is shifted within the wite region 505 (FIG 5D). Concurrently and in

iml rren 545 |.s ,apnpl.i ed a track 40Iocated belowthe
ﬁaZhre”t.?rf.l St S g i rari%ggqmaﬁ‘z'ﬁ Sloge pERKEY of g0 and

only at grlw&'ié filRL 90 for GHK aﬁ%‘?st%ﬁfj otrrag‘}rlﬁl Sty g&tnﬁ%ggtl%oﬁﬁat% oxi m ty

to the data A current 545 I's app moving the
fringi ng faufficiersad vwmtehorhhe Hetanbit 640 of #gs oraghehic fﬂH‘iaOt The@ﬁa Hﬂ&;d@kﬁﬂ ent 545

i i f FIG 5D, F. T t
fringe 1 diiodnedlionaeaa0 oitiaats ARnbStigHela BLATDs kuor BbCRheass .
f in e
Crone ") iRl (s o BaB B DI RM R 1S Bl Bhe§d ol Sa BB g D

540, respecti veI y, and the donains are noved away fromthe data bit 510
(bl ock 435 of g %} not her enbodi nent of the current invention the
tracks 520 ahd"s48tq fﬁ1€a'8%>b%f/\/élft1eawv'tfbatrksat ageetiainement ate@mwon@mclany

arch-1ike4agn t 0 w| | |

subj ect od ‘to. [ 3 naP 4O TFaR s eIk Caa I LE 43R BRI S THE il s
are in théiack§2i0pss dhtstrated ini lBIG. 90 to heusetiesldornin 80855 t8 b |r5th_e| n
whi ch magnetic regions are witten by a conbination of magnetic fringing
fields erWGﬁYweaﬁﬁECti'% &Wfkt‘? ks, this is acceptable although less
desirable than in the enbodi ment shown in FIG 5, in which the arch- like
‘bends prevent large fringing fields frominpinging on the storage film .
except dur i/h@rimgieg \f\iBId5611;ismhi»f¢@twjthQch§8@ritprregmnt5(Es(RlG F?to?ﬁm}reMIy
storaefl he writing dey 0S o tha e r|ng|ng
fiel dgf r of gé ﬂardrgnﬁapﬁr \ﬁa(fL?m?'g ér?@t's ??& tRArg iegatediprlow the
‘magnet i zatnaymedt: rfmﬁtﬂm@rl@ﬁte’dh%rﬁﬁgﬂ'i%blal% traBk WQbhAPdéQ%IFBQ@%BH%ﬁ of age
film 1n another enbodi ment, shown in FIG 6 (F

ar ch- shapeata@ihail. rackadhand derk éds. are_t@tlawreclpéplpa@smltwtorhh@data film 10.
ferromagneti c blocks 615 and 620. A

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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thin | ayer 625, 630 is forned on top of the ferromagnetic bl ocks 615, 620.
The thin layer is used to determ ne the spacing of the ferromagnetic bl ocks
615, 620 fromthe magnetic film 10. Since the witing device shoul d not
preferably be in electrical contact with the magnetic film 10, (except
possi bly when the magnetic film is divided into sections corresponding to
one magnetic bit, as shown in FIGS 1 Band 1C) the thin layer 625, 630

may be for neebnaghaftiel b EhidiheTBSRIbaE fihab RMNRSHigRIGLAHIYS it h the

i nsul ating materi hat surro iting VI ce and

magneti ¢ féHowehGo fﬁhEtrtmﬁmagmgvﬁwdi frﬁ)a’ﬁalsmgmejslbadam tvalltiheohsuftitienbfo change
ferromagnetic block 615 by the current 640. The enbodi nent. shown P FIG 6
may be eadN8rmagnetyst 'PBQﬂ@CF%H &W@éﬂaemﬂﬁﬁmﬁ%mﬁma@np igsstagage filrg.
further enbodi ment, the honpbgeneous ferromagnetic or ferrinmagnetic

material in the Wi ting device 20C can be replaced by i nhonbgeneous

f erronmagnet i ¢n apsthieenuaiinent, showhen iFaG, 6 #51GHBK 6B), FHeGarch- sh’érpmdkbérw‘s of
the witing device 20C is constructed of alternating types

f er r omagndbie@chitracdG0onmedAare seplaced walhsmalbieromggiiedic trjp%ﬁéﬁ;@@d £48- A20
are fornmedufy |9gér°é'§5 téfa‘beL?‘?BmH@@pﬁttbﬁoﬂ%%h%b Sd’Mé?l;% Fék%% Gbp and 725 are
er type hese a

formed of anot ternating t erromagnetl c or
ferrimagnetic materials serve to create deflned regions in which the

domains in the track 705 re |de n their quiesce posi tion. Th
monents of BNEERIS l2yef ianged 3o SFeé”ﬁ”‘?HT?e Ny ﬂﬂth%ﬁeromqg@@pp@fpd@%ﬁ

no fringi '&derHnQEﬁgﬁﬁ% netRAIMefb. tS?néé‘ﬁ]éWHﬂ?%ﬁ HEvite 'sﬂb@lQi Hﬁ}g{niefe%bl én'nng ,

device 20Ci1s Int Iescent state. 23 Witing to the magnetic IS
carried Otﬁlemcaimunh@:ttvhﬁl thermagnetid filsn 30 ,drycepthmssignethieo the amﬂgnmnﬁ fthyn
passing a.c | 0 this track n.walls 730 5,are
oved. by ISAMITELITS SO SridsBR 0 Cerrgragieiapt B S IS 1GS, 1fehd
‘proper di regtthenhil 'QEQ 848 630asky PeForrhd@ frofT &8 SN indome TRl thatvahdy 880 or
735 is brought to t vvrltln regi on. 740, where the track is in close

pr oxi mi ty aoptigreus withriee .lrt,suﬂatm rogterphthat sHERURRY theewiitieg gruige 2058 ard Al e,
by haV' N9 AaghdtiEhifNo.

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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width in the proximty of the data region 740, so that the domain wall
preferably resides in this position and requires a second current. pul se
to nove the domain wall fromthe witing position to its quiescent
position, away fromthe witing region. Although onIy the upper track of

on, | |
b anded "SEthG T AR TaReR iRt BB chinehhafk e MM AL s e RN AR =
track. TheneWaghBfic @hck TO54AL Fadshs Q%U?r‘éﬂt bor@nthis &K | RthePUhe \MABMain ll%

region is subjected to a conbinati'on of nagnetic fields fromdomain wa
moved to/80e/ 3 atd n@veégbbapphcaj@mmftawwnn@piqmulw\(zbrl otren ofradses) ih thefray be

f d that the,.d h th I tracks is first
Moved 1o PRBERATERHGT AEgRIHE ik W thREot AP RIS HOMES PEISAY Gotdtidt o o
first mgﬂﬁfg‘h@té i \ertn‘%’Pég?SH?%' Yheld' heSB5O0H | ﬂ%rl?ée”pr‘@ﬁlnhl & frgved to the

opposite side of the witing region, or Is noved across th Wi ting region
740, wit howgnstiofipnri§. Thehirackretdydok dasllgbed af@venaa@m)lhy tsaviidnatdiffdrent i m ng

f th f th i n [1s inth d |
racks | SVEOR Mgk pioATeRY ST L dafaiesiony Atheo ot dpruan uel Werai@bipper - and
lover tragdiday i@ tHEV&ﬁ;IWQM r&dUites 4 Eé%cﬁﬁ@nt r%[g%?% h@v\é{th% 'dgﬂweﬂr‘?g&aﬂn

W thout either stopping in this region. In one e omain wal ls
are novedfrem thearrittrigeyositien & tsiquiedcentgrositidre ateryafromt the ilingégidnor a tinme
determ ned by sequential current pulses. The first pulse noves the domain

wal |l fringing fields 730 and 735 near the magnetic film10. 1In a sinmilar
manner, a CUheRighRINNGth teRE fhdalrltivig 8&@"}93 @o@% ERSRAMYIFNG. ¥rack
belowthenanetlcfllm so t hat thefrlnglng d fromthe donain wall

bel ow t hesnmﬂagmerdraqkl mamlsm pé aéde@oﬂmaﬁmwm ﬂrgclv\maly ttmaosmmmd abave t he

astoci at A AETEATLREET! BFeA"Fof PRl sy 6 bR elior PRl ERY il Al ben "

“field frotid fegicloRpdubjerdbd $o bscdnasigstioreoPm@anktc Meidserdrh ofonidiis rhévwdy 10
can be adj u ted, It nmay be advantageous to have different strengths of '

fringing Pd%"tfﬂgdﬁﬂt%'”t%h&%ﬂ%e%’ﬂq owaidlacksnd bel ow the |ayer 10.
The domai n wal |l fringing field can be readily varied either by varying

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 coneurrently 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 film 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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t he physical separation of the tracks fromthe layer 10 or by varying the
properties of the nagnetic material fromwhich the tracks are fabricated
or by varying the shape and size (e.g., thickness and wi dth) of the

tracks. In another enbodi ment, the magnetic regions or domains 710 and 720

egions 715 EnguisSbe B Tk of APRPBHERRAR R A Peina el fliofno
material . filds tRQIdrRfth offyel¥er wheitepbabnt bined GBRUFomNRe dontdin (s i RREEe 1S
no need to have a neans of providing a pinning potential for the donain

wal | di r e@nopgatoweite iee magnetic daydr it qan baadjusted.i Hgnaybe adeantageets tofi | m
10 b f d, by si mpl i ng, t he donai || .and it i at ed
Fringi ng. P e e oS efEiee Plddfond ERRobeo 8Pomif R b rbouB iR P Iaf)
above the thblayied o8 Td &6@8in WAI GaER@Fieldl & b ASAdiySRFict RiPeP Bl dariRG

domain walls flor witing the magnetic bits into thé nmagnetic syorage film
10 i s desitg@ebysioat $eparatien dbtei trackslftan thsiayer 40 orvy Yardiepithe ¢repsties ohs
away fromgthe witin asjtions, in their quiescent state. The ositions
are def i ndee adnaticsyBRELT g FREh e DackS S ERRrEY Gt KM g R Y eRES,
wher e t he dnigagke Y 6t IhitRn&ds &Y Widthpeupedracks, al ternatively, by _
prot uberances, where the track width is increased slightly, or by formng

the track fromregions of different nagnetic materials with different
magnetic properti.es, for exanple, different magnetizations /__ar

mgnet i o ant SornefRteBPaB ATl mibref MionnasehefRo ) Snhd2e s hren
in FIG 7 cahiised BRJ sened frEet bndpiaghesc alepblt Fheahadii:ticregRels T1 5 @4Er i al s
-to define the positions of .the domain walls in the quiescent state. The .

“choi ce of 7#Riteaether arifarmedfeemmiyalipspatednpanetic madena). bhistadtenmeydand
ease of f i i t.[.aGk Lo, L I I I r.ack

o that 1 1P ARIRhe b e A T Aol ifiE hEbGRo bve BTkERS pEFdIfind 87°
ei t her si génrifg pbtential for tige dosiain aal dirchtly tbaek treamaahstic filen 10eThgneidingby

usi ng the pl acenent  of netic materials or by shaping the track, so_ that
Lhe donnr A7t TAGNENC e 0 et KrPaiOren by SITRY FRseInG R darpmin e and by
case, ONe€gagsociated 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 s.lightly, or by forming the track from regions of different
magnetic materials with different magnetic propérties, 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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current pulse is used to drive the domain wall fromone of the quiescent
state positions to the witing position and a second current pulse is used
to drive the domain wall fromthe witing position to one of the quiescent
state positions (this may be the sane qui escent position fromwhich the

i j hj be th i t ition on the
ohor st de. o gt o BRICRUET telksck mathatdhensiosoi Eofia‘hg Qa@?gzﬁblegté:ufmd
i i ] i i fferent SO at, one
Prack my PRty Bla0eoh el Sl (SRR ThaMdrsg R fack it PG bt ne

ot her tradksigagdnby ubimgethe widcempetsiftrhagnetiwaterfp¢ of b sth'ih?Qﬁ@?ra%f(, SO
witing a,m Iqeti c region into the magnetic film 10 a current pulse nay
first be U@g ¢ dogiadn Belliwid alsaeside af theiwidting pesitiom Wmihe lattert tasemoingi ng

S : : : t | i e carrespondi ng track
onthe-ot Farel! Bsg ka1 dil v SobaB oBEote el Mol 2 alenai n wal
across t hpositiohs bgtheosiitin@positiomapaen sGttRFEARENSIME it Bdd® fhRake Thus,

the magnetic bit is witten by the conbination of a static fl_el ( provi ded
by one doA@Maingel fiom i wgting ecaitiando #neyafihe quiescentstateypositoms (thisahhy

i ngi j ' . inwall in th osi track. As a
resurt nr RsasER RS phRBioM R i ine Oro3f BRE RS cmotes ot
magnet i ¢ gy bEStheoquietreerpedition dri thetothepsiind thaviriinh M sipaRi n wal |

fringing fields fromone "track, a static magnetic freld in"one direction
and then, using the domain wall fringing fields fromthe second track, a

1 1 { i i Ly di ti.aon, The detailed spati al
Vo et on of R N AP B AR e W e S8 AT 1 r ot ur o
of the nedesigned dibfiensmtywed thai\/lminehraldkrrpajah_aye\aitﬂ;]ﬂedwmqt I'< mﬂtﬁ%@oﬁmﬂas tﬁ;gqlc
i i teri rmn e track as we

Beait eo Shsehnina o8l oo giner@akiagk ol Feve suph owssdoraria ol the
. . . _ o PPN P . s .can be

Qe or m el by o oy e SR b e Mook et D e el B e

track. 2dirshedsed fupag iobte thoks tordrivet ddonmgmetaillzathewriiag ipakition imitkigi n

t he domaigp, yal | _

Then, a current pulse in the corresponding track on the other side of the magnetié'
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 bit45
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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can be conplex and can vary significantly as, for exanple, the thickness
and wwdth of the track is varied. Thus, the spatial distribution of the
domain wall fringing fields can be optim zed by m cronmagnetic nodeling. In
particul ar, depending on these details, the sign of the domain wall
fringing fields may depend.on whether the domain wall is noving or is
stationary and may depend on the direction of notion of the domain wall.

magnet | ¢ st of G FITRED St B e BTl WG HUBr Botth Bl of

the domai RaWald cAnplekioh S PEaRiseehificd MG 2t 1o Slahple TR HRkAESS NG WikG! ur e
and conposition of the tracks which conprise the witing device 20 wll

i nfl uence of Hw tnask rs\tamdonThﬁs ey leetial aifdtdbutian ehibedtaradin wall frisgimgdieltus

t he donmain t g field dISttI‘Ibt .on. Thus, the direction of the
magnet i zatPB o‘?p "?'ﬁ iPICEMAIEIGEOGENI depend on the detailed structure
of the witing device 20. Therefore, the direction of the nagnetization of
the bit 45 can be designed to be largely along one of the tracks in the
writing deviloegpatculer, giepenﬁ@gaimﬂi@sew@t@iisrﬁmim@n asfthe dhgnaippet! fingiogs or
the direct.i of the. | ower ac ede5| ned tp.lie alo a
di'rect | onBER4Bme daRgne g nbEC HRcTaa WAk TRLER s slbAY e Melgnet i
mat eri al B@bah@@ntth@ direaés oF%tlBﬁ F WP HbARGh Q/faIIV%luguﬁme'MQﬂ’éd BroceBLRs i al s
such as Fe; Co, and Ni, and binary and ternary alloys forned froma - -

conbi nat i & \@mtlrtgw%emagﬂemms ivtotreameagnetic stosrgeafiinpy 8 Wibdepend Ddﬁh?ne
exanpt o, PoBRITGRTCRhb R GRAC AT R fearaRediMri 88~ s nce

the magnitude of the fringing. flel ds fromthe domai n wal |l depends on the

wi dth of the domain wall and typically increases as the domain wall is

narrowed, it %98&9@8%%5%@@6%%%@% ok the tigcke whieh spMREERA &G E’”Hﬁgerl al
‘with hi gheév.ee fll%fﬂﬂ:%r%%tth%Qﬁ(st?u@@t%r?éﬁm%ﬁneﬁ?ét%‘nﬂﬁ‘ihé B M%§ s CO
and Ni al one. exa e magneti c ani"sotro e and I can

be incr eaﬁmjdcbrynaunwbil mn@pg helsle:hsihéumm.sThus HhE’tdlr@cn@nl of g ﬁﬁlagneltmealorm ofal |

fringing IHee\l/v(rjnﬁen bit 45awﬁ| depenldnocnr t%%sgeqéiléw(sat?ucture gmgevwltlzn%t (I:igvr}ce(:)EO. '
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 froma - --
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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the magnetic material is higher, so it may be advantageous to formthe
track from alloys containing large amunts of Fe and Co, which have higher
magneti zati on values than Ni. The choice of the material formng the track
will also influence the nmagnitude of the current and the length of the
current pulse required to nmove the donain walls along the tracks. The
hi gher the nd§redareaiarwalblringpyg fielde wilhalgerbe inereasedewhepiths enagraizatisle ofnd

. i ; b e
maer i al 100 T AR I BDEh Sod TN D RGN GRS (o REmdae fiénk Tom se
required tgioyBntdifingdang zlﬂn‘é’g\ﬁh{szof FENgn @ eimP WhgeH %@ﬁig@??ﬂ%%@%ﬁ%ﬁogg by

dopi ng the magnetic nateria transition or rare- . for
exanpl e, dedues thea Nin Theschpiae efithenmabenial f64ibg tRe Gackwill aReNERKNAKant age

of using current pulses to cha he direction of the nmagnetization of
the tr agk '899'?#&}192%# @&F&‘i”r‘?'\i&ﬂagﬁ? ﬁﬁe’rgé'w,f thescyrrent rulse éﬁﬂwﬁdlt@ﬁ@wﬁ theh

reasonabl eygm&ini ' to nove domain walls and so change the .
magnet i zat?ji on giﬁ%%ﬁlgﬁ@ﬁ@,‘rrggiﬁ%ns of the track even under circunstances

where large external magnetic fields are needed to change the
magneti zati o di'rencti on of the track. This is because the nethod of

changi ng the?h%@éﬂ GHGRSIPEtCANIAtIRY: thsnlargey tU@W”@Ef Péﬁsﬁﬁﬂfgmmdﬁe@ndjsibng
xternal n&ediptdré likes! org;i i,n & ing) j e tracks nmay be
Iei t hogr aphi ca{é‘I‘rj);éf“f':lélslr?itgz?te'edS'gg%?l étth\é?iéemé'hg?g%tgg Fh%le %%%é?e{n@t& _ t®ri al
forni ng t f@pertaskininillenning tifd megoéddd pf ﬂieecmmm;pdulwll@ﬁ]@ﬂemoir&?fdﬁ@te t he
t ks.. F lL.e,it may. be advantageous to formthe track froma

m;? grisal \ﬁ%haﬁ%%@ﬁ. be eefﬂ%ﬂétﬁ‘gefﬁf éFaﬁiger‘@éaf# RiedPRIRg b Mgy ede mhgteniet
chem cal efithtr&ngsin by rdreleartf hketd18 as Héf EQéﬁwm,ﬁﬁsbﬁbé@}ﬁ 9'.§.0pe}?§?tfnumber
advant ageqgus_to formthe tracks from materi al i ch does not" suffer
corrosi onedﬁa:%@o-t he fabrication of the tracks. The track may be conpri sed

“of a single magnetic |ayer but it may be advantageous to formthe track
froma multiplicity of magnetic | ayers. For exanple, it may be useful for

t he pur posesAmimponamgadvaetatmre usingclgem pllsesd Lieding @etdil<libn ot%he
magnetization of the track by moving domain walls thereby, is that current pulses of
reasonable magnitude cah'be used to move domain walls and so 'chér_]ge 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 tracké may-be lithographically fabricated so that the c_hoice 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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currents to vary the electrical conductivity of the track so that the
conductivity is higher at the top and bottom surfaces of the track. This
wi I'l allow for an inhonbgeneous current distribution across the
cross-section of the track so that the current may be higher at the top
and bottom surfaces of the track. For_ exanple, the domain walls my
exper i enceusents toreegy theoelecticat pemduadivity of thensagh se khatdbe corguctitimpl e, to

roughness, of these surfaces, so that hayin i gher current densities at
t he extremgcneé§?3?e f%eaqcfg(&tﬁorﬂa%}l 5'10?8\53?¥rberﬁggf‘0\/\er overal | current through
the track to nove the domain walls. Smaller currents are advant ageous

because they will lower the energy required to nove the domain walls al ong
the tracks. THibevipahow fg @f indomogensaus suaienpdistitadicaradressathestiossdsenton he

t k ffected, h in.t 805, of th i.fi ' D i
L i
the t k ' ' i ' d
.1 R FEARIERY g i DAL iR 130 momeset

i ndent at i ohthe( backyrdvieyfrereaogde, BIOLgBREss BRhesesugaces fsotheheayiagihegheri n

uhyeh e om0, A0 G e HER iR I 16V el T
pr ot uber aﬂ%ﬁ?hgﬁé’naéﬂ% ne thé%nbcﬂ? YaliBN\SrRANS GRfertOBrB Abaintagemigles a.
|

pi nni ng poten for the domain walls. As shown in FIG 8, the

i ndent at i basagse thayoriliievemntbesnegap reased ®3p0we herompst walls desddhet he
writing eherrgnt track 805. Alternatively, they can be on one side or

di sposed JAthe top or the bottomof the witing device's track 805. The
i ndentations (or protuberances) can al so be protuberances. The '

indentations (or protuberances) in FIG 8 serve to fix the posi f)i ons of
the domai n wEhe BiNniNg efed emaini waltseal Pastiaylas lagptians alosg thedrasktmay Pei ng.

‘I ndent at i r _pr ; - ah eng 8BS ittFSGlkcidd the
witing  SoeriEhaS SHouRih RRER T PRine Wilnei AP0 B, 4BF ESHIRS

pr ot uber aieRstatdits @ngr@dberancas) 80, {25830 alongite waclonThe maemtatiansrior (or
prot uber aB?c?tE ersallnSC’es)Sg“T:’O,aBrZ%, %|36Caerg-plla?ced 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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29 close proximty to the magnetic film10, to fix the placement of _
fringing fields 865 870, 875 that are used to wite to the magnetic film
10. Wen an appropriate current is applied to track 805, the fringing
fields 865 and 870 (for exanple) nove to indentions 815 and 820, allow ng
preci sion placenent of the fringing field. In a further enbodinent, the
writing d&ﬁ?s@e‘)fﬁév‘“%tontﬁéén@gn%“%fﬂﬁw(Platplftxﬁhefplana‘nhemtemftfnngleg fielsgB&S,i ¢ or
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f 10. Th | fields
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magnet i zaterQB‘mQ@néti@omh@rhh%hetlélﬁfa%ndI@V\ﬂhﬁﬁd&ﬁtbﬁ AL @fottw%rﬁﬁggg di ng

write heads, the maxi mum achievable field is abou e megnetic
disk material. Disk drive devel opnent seeks to-make the magnetization

d | f ds to ensure
haegant o 111ARg R hRSTEEL o, MRS %ﬁvg?gmac?ﬁ%Fwad'hém%@ofmeww.tude
of the dogwiibewaldt the WiinD dditRdrds The wﬁtﬁ'gaéfqg? Qﬁbq.cmmd fé?aeﬁh‘?{ housan g

material used in the witing device 20. Loc seve
oer st eds 8ifMPIubKiregng the domedywels Iayd théie ammmaheg fdagnngeﬂedxfmclom td the

I I t| |Im10 of the witing
devi ca. s EERERG AR O ha R RyEP 43Eh Tor Melai ale Risliognebera fndrbetsw | n
one enbodiheentgnetid®m tgpi cal width of the witing device is about 100 nm

in size. The current required to nove the domain walls along the tracks
W Il decrease as the area of the magnetic material formng the track is

‘decr eased. - TocdiifagRiROfisOb 11 B AIRELLS pESELIMSais g domi n vl |

fringing fiel Fanrdons gl 36T Aery smal |
magneti c amjoaalsIhantda,gnathraragﬁetdmshgtenat;am lnvusémdﬁﬁémdg@ueﬂ& rédfdingack

apaci t
w dths tQ ﬁtmah s, en%r:]aalman% gc |evabq ?eld IS Fr?:\%out XTI’M of th)é 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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devices. 30 The width of the magnetic region will be determ ned by the
spatial variation.of the domain wall fringing field. The extent of the
witten magnetic region will be determ ned by the boundary where the

domain wall fringing field exceeds the nmagnetic switching field of the

magnetic material conprising the magnetic film10. Thus, this width wll
be rel ated tbhe widthofdhe magnieticieaipntwit berdaireningd dyrigetspatiakvariatign.ofiéhs ce

20 but will not b tly, th his wid ' i |
mmgnet i ¢ EoRTN Wad M aReeh " Luf SR e Britbliteate b ER BB, "5 ored on
the magneyiferfliRé®e§ thé bBuAGaryAviEENRE idon IRl fRBgINGTRId BRcedddihe has two

| ayers of magnetic material séparated by a thin layer of insulating
mat eri al tiegnediorgwiiches field whted Magnetic materiaMurgprsimg id magbatic filkn 10s

typi cal l d f . | hin | f .alum itde.alth h i
can a1 so” BEUPoTireud atf Be Helidy It a i tilil S tigkes ek e ucn
as MO OpeyBANRh it HER beidkalip 1M dai® dyMicaldy_a hard magnetic material

that requires a large magnetic Tield to change its magnetization. The
ot her magnetic material is typically a soft nagnetic material, allowing a

k ti field.t its. ti.zat, . [ | ti
freld is apdhdEuicesimiiar S Mannshed i aRedPRgion can b gspd il feae BF°
magnet i 2atdf@ﬁnﬁtwgt%%éen&m@héd?@tieis:t&%bqunom Fﬁ“ﬁa@?@t{ltﬁidnﬁ@ﬁg@mlﬂionﬁ he

soft magnetic layer can be varied relative to that of the hard nagnetic
mat er i al . (MRidhhas twx éayevs bf aggniesic apaselieldseparated biynathimlayer pé insaigatingude  of

the current . ed through_the tunneli.n arrier.de .0 I ive
manet | ¢ BRETINAbBPTE T Wi BagRPE T b PR aS BERER & Deleady i
juncti on. freanae axENiHiy layehof YRIniBUAT otibe altBbigie Ricahmiddbe fornel frogh dtHeet i on
indicates the direction of the magnetic nonent in the soft nagnetic

materi al insUlaiBgrayrismticenRdygingrapteriadgevch s Mhn. Conversely, the current
in the tunneling junction indicates the direction of the nonent of the hard-
magnetic material if the direction of the nonent of the soft nagnetic

mat eri al i s Okeavagnetic 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 magn‘etié material, allowing a wéa‘k magnetic field to change its
magnetization. When a small magnetic fiéld is épplied to the soft magnetic material,
its direction of magnetization changes so that the direction of the magnetiiation 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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The two nagnetic materials in the magnetic tunneling junction can also be
formed fromhard magnetic materials if means for independently switching
the magnetic nonments in the MIJ are provided, as in the magnetic nenory
devi ce 100. 31 The tunneling current passi ng through the MIJ allows the

- . f,.th
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sequence O onai n "t the track is known to the controller of

the magnetic nenory device 100. The controller keeps track of the |ocation

of the domain walls in the track. Consequently, the nonent of the data bit
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~and 1 03) ﬂ§ ddRevertragks. 10 the nagnetic tunnel junction used for the
~pur poses of reading the data in-the magnetic storage film 10 is forned o
fromone or both of the upper and | ower tracks 25 and 35, respectively, in

“addi tion t oA kegsvaluagd clrient indiedtés tHEehd r@ié\;t\ﬁné’éo?ﬂ@ l?%ﬁ‘ék%mﬁ%‘?\%rtﬁagge o
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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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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 other tunnel barrier. Since the resistance of a tunnel barrier

i ncreases exponentially wth the thickness of the insulating tunnel
barrier, it my be difficult to formtw tunnel barriers wth

approxi mately equal resistance values. 32 In practice, however, the tunnel

barrier resistance is_extr I nsi ti. t - f. 1h unnel
barrier | ayefn @%Cﬁﬁedt h%@%\féaﬁw%tuﬁﬁﬁﬁ%%ljnégFqg?sé%gg%g\%t%gﬁ%&%ﬁpg@v% ttfgﬂieams
t hi ckness,mbiiolodyest thk ARl GrifridalaYess @ tHdtievantdhen tBhAekebarhiers @FePhol ogy
of the tunnel barrier depends critically on the structure and norphol ogy

and cheni caimioehpths saroa thitkness, dineieredstance aannpahsignificaniyr. obince tthe

hol d th t resj st f 1h | barrier 1090, which
T B own e BB o R R sk RSP B Y DBl R St RESner
barrier 1Q8@Q chdwhiehl ESmPEHAsH bEthe GRdd My ePbntifciRINgEdven Ihemadehbidg 10.

For the purpose of illustration, the tunnel barrier ?080 i's shown as”being
t hi cker tamartherensaguent reaistange afdbe tumnatib@rriar] 095 wihielt istdgrewneyi topaonfce of

the tunnel, juncti.qn faor bet ween .t he | r netic {rack.35 and the
upper gttt TEck SR b Rite g REE thellardRE TR Eat i ™ Fichos Baebtss
1080. Thusn tobefltes heam@tietstrageatirmes of  the magnetic tunnel junction
are formed fromthe magnetic material of the upper track 25 and the

magnetic material in the magnetic storage film 10 since the resistance of

1050, Ther ef bpeine AurpRpe BLILRLAEE e \ite Sarhdla APAF s bRR A R BT,

| ayer. 109Ran the skl bagier MP0IEIG. 10ado iHat duesesiianc ofthitaamslljynction
contribute to the resistance of the tunnel junction. The rr_ag{neti c .

di rect i on feimethbetran thietlowsr maanehcit@ck o dbRieaPRsy magnatierttack Fewtlde
arrow 1055 ,.;L% i digneet r asiEl ¢S
read as aﬁor{e]?fﬁegb ri ght? R:gle'; g&@égggbﬁép@? en@n%h€®wgig g?%o%’ t'Ef t tio(agﬁodék
905 i n Fl Ghe fhagnetic pasrsez | pgnaiosnarel fooned ot tHer maghetieatarial e rendbpey upper

and | over t}alég(a%sar?éthaenr%agﬁetic material in the magnetic storage film 10 since the

resistance of the tunnel junction is determined by that of the ub‘per 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 1065in FIG. 10B,is readas 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 ih 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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se cross point the data bit 45 resides. The direction of the current
S;t\r,]mios 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
| ayer 1080, through the data bit 45, through the lower insulating |ayer
1090, and along the [lower track 35 as shown in the block 910 in FIG 9. In
FIG 10 A the direction of the nonent of the data bit 45 is shown as being

d t he upper track.
eI & T L T
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The current used for reading the state of the data nmuch
than the '@ﬁ?fﬁéﬁﬂbwmktﬁ’@%ﬁ\}ﬂG@l@nﬁlm@atalmhg ctehmrmna@kcsbeca tihe reading
current will not affect the state of the data bits. The actual current

used for reading will depend on the resistance of the tunnel junction
whi ch is desTignedrrést lh@dsfdfféé‘dlﬁ@ﬁlﬁé/sﬂéwhf treadath Mits i ?rﬁlc%tﬁ'ﬁgl?e[r%aﬁ 0% ulpper
and lower tracks is negligible conpared to the resistance o he t unnhe

j unct i on. CirgD eygd/to mRke ﬁipgﬁéfﬁs eleagribsitsichnse thé redaing wameht wilnesti gifect t he
sl | er wild <6 bithe G5 £AOT Theakld Aoy e, 2y 2k of, Linpel, | ot ons

formed fromthe array upper

‘enbodi mentesadthncd oftmztUunequnpmththS:s@%%@Gm'e@tté%eﬂdfhmeﬁ ﬁlgﬂ%?ttl?lt are
.connected in aral* | with each other. The reading current passe

t hr ough t &' Sdg?%e B ?‘ef‘{ﬂpeﬁé’”lddﬁﬁéf trepikmisi Reahigibde sampared tretheameistamcsi ofnal
‘to deterrenennBgtiRgtiod.he tunnel junction has a high or |ow resistance in
order to mnimZe the energy needed to read one bit. For this purpose,
there may be reference resistors formed fromsimlar tunnel junctions at

the array b@f,%ﬂgﬁ}’, t%thri]gher the resistance of the tunneljunc’gion; 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 Ionger'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, there 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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the MIJ to be read. The state of the data

whi ch the resistance of the data bit tunnel junctions can be conpared.

Thus, in the nmenory system 100 descri bed herein, the MIJ is formed fromtwo
hard magnetic |ayers. The direction of the magnetic domain in the upper
track in the witing device 20 can only be altered by passing current

pul ses along this track. The nagnetic nonent direction of the data bit 45
can simlarly only be varied by being subject to the large magnetic

fringing fie|lds provided, b nDV| s in the upper nd Io r tracks.
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magneti c
Thus, this method of reading the data bit will give much higher signal because
this method only requires the difference in resistance of the MTJ to be read. The
state of the data bit .is determined by whether the resistance.of the MTJ is increased
or decreased when the direction of the magnetization within the magnetic domain in

the upper track is reversed.

The material forming the magnetic film 10 is comprised of one or more magnetic
layers. The properties of the magnetic film are chosen so that the magnetic filnT can
support very small magnetic regions. Moreover, these small magnetic regions,
whose size is largely determined by the spatial extent of the domain wall fringing
fields, must be of a sufficient size that the magnetic anisotropy of this region is great

enough to withstand thermal fluctuations, i.e., the superparamagnetic effect.

When the region is too small, thermal fluctuations contain sufficient energy at the
operating température of the device that the magnetic moment of the magnetic
regions can overcome the energy barrier provided by the magneto-crystalline

anisotropy of the magnetic material within one magnetic region. Thus, the types of
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| ayers. The properties of the magnetic filmare chosen so that the magnetic
filmcan support very small magnetic regions. Mreover, these small
nmagnetic regions, whose size is largely determ ned by the spatial extent of
the domain wall fringing fields, nust be of a sufficient size that the

netic anisotro of, S region is great enough to withstand thernal
?f‘ gct uat i o'ﬁ??ef?a'%g}/’dtsﬁré’cg{!%#ﬁﬁﬁ é%'@'ﬁbtde@séy magnetiphiin filmemedigi iormagnetio

smal |, the 551@,1; cﬁqptg sufficient energy at the operating
terrperaturlreél%* IB#% evi cen%ﬁ ﬁ‘eennagnetl c nonent of the magnetic regions
can overcone the energy barrier provided by the magneto-crystalline

ani sotro of the magnetic material within one magnetic regi on. Thus, the
types of p)?/)S ﬁ‘é‘t‘B?F?Qﬂaé‘tQﬁfﬁr%‘?%d“tqwfé@fu@éhaffIOrthhlngemdB/nfsﬁ’msz magmitmverttmnn

k dri re su An i npor t ant
di 1 er encarenaagyar fofpdER ikTei §rais 157 8ke BrbbdeS iapenerbiging ne
mat eri al s rhateviang Cmtmmatén@ﬂs%é@BefLJsbmté@or% ﬁwé“ﬁfagnleﬂ?: fifed! 1bq¥hereir}
pol ycrysta line materials. Crystalline materials may be used to formthe

magnetic ft ?rﬁrﬂ%amﬂ@mtﬁ”aw’@v@r%ﬁalSDtrney ﬁHEemoraialwr‘rmi/aloag oemraal dacﬁdnopy

di rection Lon thin the magnetic f For

exanpl e, t@gﬂlﬁgﬁ%e |g%%gggﬂﬁa>%: r%ﬁ{)*%% tﬁnﬁlwt@% aXYI$ B4y tl’%@f'@’?ﬁﬁj 8Pngne
set of t retbkshr(st%n ekan@kset of haskes @Soaarhhie, ﬂ%@%o@efthérﬁ') etlclfﬂmmﬁgnet ic
recording disk drives the magnetic bits are witten around e
circunference of the rotating disk. Thus, the magnetic crystalline

ani sot r opy n}ﬁﬁﬁ]a?ﬁe%@l'éc%'&lq edlélbgﬁ ﬁ%@%%n% hiitsoa;[eg\(%[l ‘%ggi?%lfof{%&}e al ong

magnetl c nedia o e anl SO rectio

“the disk rcadum«fer@mmmmamtam@dmw drhljsotﬁdwmagdeﬁacry@@blm amabﬁoefﬁﬁjéf%s

f I netic film with a well defined crystalline axis
;lhgngsgng (Hg{)éi 3“‘?} Efrl"n%idgaﬁﬁy Mthehhia Riape ofiiresgastic Mestia onéerpeisetiopy

“i nvent i on difgcién rﬂds’ﬂbb%ﬂlph@d @RE@?E!Q?IR BRI r%lclﬁjs"\@'orﬁ st’@é’?éﬂ a Eafolt t he

| ane of the nmamgnetic fi e nonents eman
Ironaty be orid éﬁ*ﬁtf@d%ﬁerﬁﬁﬁ@rwwms the ysreofptrasiallive mhgnétid fnnTils()wmslanNéll aéﬁnéiﬁrfﬁl n

wal | fri ngwlgalfﬁglagé Jlér%noF]Q%Nen |rect|onI I's in the tracks of the writing

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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devi ce 20 can have a significant conponent of magnetic field in a direction
normal to the surface of the magnetic wires conprising the tracks. Thus,

the ‘material conprising the |ayer 10 may be designed to have perpendicul ar
magneti c ani sotropy, and can be crystalline or polycrystalline. Alternate
enbodi ments of the construction of the magnetic film10 are illustrated by
FIG 11 (Fresistance i thelplgne of the) filmMvivtiines imuichi larget B#an thecresistantet ed usi ng a

i i ic filmlOBis. | a tic all
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10 when readi ng the data storage regions. stance in-t ne of
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filmsince the filmjs very thin., Anmetallic granular film could al so be
used. For R3RRPIAICEHTEIREIC BRISRHORYt ageous to form a magnetic mat eri al
wi th higher magnetic anisotropy, since the surface of nagnetic grains often
has enhanced magnetic anisotropy. For inproving the read performance, it
may be parti €wrampyovady tiet mgeqesfdrmahaemt midyeberpgnielizelyfddvanidydoie o dorm
mat eri al ttﬁat has a ﬂUCh | ower resi,st®nce per pendicular  to the |ayer than
in the plahE BRITHE 1Ay LD Mompr mesighpl tBat hes gayusle lgyrasiresisiamce perpemdiculne
magneti c fipl I [ S ar
rains. thay i Panm Medsny G inGRYBL! Rbr SRMbler ) B RAEHEF G
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arallel to_th ane gf the fjilm 1 OB. For exanple, these col umar
ﬁagneti c ggrrgl.lnr?gth5*319;&888i'frso(S’I1 ﬁ'feelﬁ""ferrd‘ﬂ}”é%t'ﬂp%':t $HraGes O_ft“_Pl%f'|”&t1Q_B£Utdli‘§‘téH?i on
by an i nswlaétiogloXblifted FBATIORS aAbME HRLHERIOR nataldI¢ 'ihé’ﬁraﬂs af the fiim
nmagnesi um oxi de, or by an insulating nitride, such as alum humnitride.
Thus, the 1Qkhsul ating material is along the grai-n boundaries of the
cylindrically shaped grains where the axis of the cylinder of these.
grains is oriented perpendicular to the surface

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
insu—lating 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 examplé, 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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of the magnetic film1 OB. Magnetic film10Cis an artificial.
antiferromagnetic structure engineered for inproved stability agai nst
thermal fluctuations. For exanple, the filmstructure nay be conprised of
two ferromagnetic layers 1115 and 1120 separated by an antiferronagnetic
coupling layer 1110. The antiferromagnetic coupling |layer 1110 can be
formed fradnsiRatiog bRurictdaydr| givesasededighipedin polbkized patretihg coréah, A8=arand
6, 153,320 or with C_and various other non-ferromagnetic netals_ as
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The reser vegionmybed ddes af fierdptaisieragefiedi®n. one domain to enough |ength to
accomodate 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 stomBes.reyiaorséR@nis sheser essh $de0hf the Hata 4R78ge adflord2265: Each
reservoir is |ong eno(l{ﬂc_;h to acconmpdate all the donmains in the tracks that

wite to dREEVEHY 12718 4o WilaandtldlagEacBgeepiverdslongrrneughedons in t he
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1305, 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 regiéter 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 sufﬁc'iently' large to -
write to data bit 1315. The cgrrent 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,

38



10 does not have

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 ermanating from domai n
wal | 1345 |s sufficiently large to wite to data bit 1315. The current

| eads 1328hatpess areentdyough t%ﬁ@@@ﬁ% 98Pl 30 to write data tefthe maanstiefiim

|l ength to4act as reservoirs for the domains 1340, 1345. Current 1360 is
applied to the register 1305, noving fringing field 1355 into the region of
the data bit 1315. As discussed previously, the fringing field 1355 wites
to the data bit 1315. The current 1360 then noves the fringing field 1355
out of the rEbg &HTEMN P@ﬁés daga. H330 apddhe mvbeduanlevvrd@traglbtqrs ﬂ%@é ma$0 bezen
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current t i eab ihdRidueltrahsistor3d375 18d GrahsisWrs tafe Prdfardnly tdvmeamanediicord 1 1 m
10. The current |eads 1325, 1330 and the individual wite registers 1305,

1310 are SYh®fmie;herEath tf@ﬂﬁ@l@ﬁ@é@flhﬁﬂadﬁwm te cueiget lcageard eboverther der to
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provi ded through the magnetic filmto all ow connections between these

current |eads and the transistor switches in the silicon substrate.

descri bed w i 1 film
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sections (I@amteslrmt@ewettdme aomtinoduy bdtiedn ha@maﬁed:frdﬁtmubbté maghetic vias can

be formed between these netic, sections thr pl ane def| ned by the
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bet ween these sections. "~ The conducting vias are e ectrl ca
t he magnetfiline 18edtheonegbetid filsull teir@giscontinuous 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 er away from these

boundaries with the magnetic regions themselves.
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material. The current |eads 1325, 1330 and the individual wite registers
1305, 1310 can also be disposed beneath the. magnetic film 10 whi ch nakes
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the magnetic data region or in the vertical portions of the current leads
thensel ves fipthedd {PMahv e@bBaITENtAMoB S 1808 3d8IRHiEH B whfe (RRtdlsigpat i ve

r ' G 13 in which the wite registers only™ contain one
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FIG 3A Thus, when the _ i
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, thé 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 magnetié
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 direc{ion'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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-1430, 1435, 1440 are staggered o I ncrease the data 'bi

donmain wal | shown in FIG 3A is noved over the magnetic film 10, the

magnetic data bit 45 is witten in one direction when the donmain 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
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direction (i.e., magnetization points to the right). -Thus, a si ng!e domai n
wal | can be- used to wite data bits to both the left and to the right. The
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(represented by registers 1405, 1410) situated on top of the magnetic film

10 in addition to witing regi sters (represented by registers 1415, 1420)
on_the bott ifblem dAimERgBiHe mbhBlid horfl AeRide GUiS IndsndlR! Aehlds 1425,

nsi y %hd to
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menory destiyceorRBatiorega absitedTBIBENeve 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
magnétic 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 certaih 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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device 1000 has wite registers 1505, 1510 perpendicular to wite registers
1515, 1520. The relative placenent of_ the registers 1505, 1510, 1515, and
1520 can be in any configuration as Wesired to achieve the desired aerial
density and still retain the ability to apply current to the registers. To
operate We Imstrﬂneti c menory device 100, the circuitry conprises, in

addi ti on"'& 93 Me readi ng and witing elenents, logic and other circuitry
for a variety of purposes, including the operation of the reading and
witing devices, the provision of current pulses to nove the domains
within the wAtdata stpragedeyviceroompriging:.of codi ng and decoding data in data
bits, etc. In_ane,.enbodi men%té t he contro{.I circuit.is fabri.catgg usi ng CMOS
processes on & CNUQI. WhpPaHernpd mappetis HIm, corapLping dala fedoNR ity dual
nmagnet i cstdahg ddtd;s Wi Il be designed to have a small footprint on the
silicon wafer so as to nmaxim ze the storage capacity of the menory device
whil e utiliziatdeastcorsmaritieg eleragrtzcanprising adraakdok disposalkeinl pparistitydossi bl e

cost. It,is to he understood, that the. specific odi ment § ,0f, .t he invention
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the pringdudled tefshifb8lonBrtRe erickiimwedliidclibn oNaRRIIStEC RRffeht, Gid Pt may be made
to the systemand nethod for storing data in an unpatterned, continuous

magnet i celealyiercuirient it passeddbrqudbeline thrgkéandwi t hout departing fromthe

spirit and s t . j: N ' : r42- | ai 1. A data
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conpr i simggnetiafilie aisiritpa fidiging field fimdhe madieticaisihaingali theneackl ement
conprising a track for disposal in proximty to the nmagnetic film wherein

t he tradR S¢actively changgrdirectisnel s magnetie Ragmest indhe fegiami ft al ong t he
track in a direction of an electric current, when the electric current is
passed through the track; and

2. The data storage device of claim 1, wherein the track 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 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.
5. The data storage device of claim 4, wherein the magnetic domain walls
are moved by passing a writing current in at least one of the upper track and the

lower track.

6. The data storage device of claim 5, wherein the data is binary and

comprises a first state and a second state;
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wherein a data bit is selectively witable into the data regions of the

magnetic film using a fringing field fromthe magnetic domain wall in the
track to selectively change a di rectfdn of a magneti c nonent in the data
region. 2. The data storage device of claim1l, wherein the track conprises

an upper track di.sposed, apove the netic fi.lmand a |ower track di sposed

bel ow the m&!ﬁ'@f?'qu?ldﬁ‘lta g{ga?ﬁ‘émﬁégaggf%rsgj@ i EQRASEto the chirent wherein a

data bi tbgﬁlgsﬂs%%iﬁ{%lmst M‘ﬁ(%}ét%'ﬁl gngnto a data region of the magnetic film
k and the

where the upper trac [ ower track cross, using fringing fields
f rom magnet i cwiengin thevdatasbit assiraes pipe secandstatamdrespentetetha wetihg 4. The

data storage device of claim3 erelL.n the fringing fields fromthe.
magnet i ccwg%ﬂ??'ﬂﬁlpﬁs?(i"l ﬂéeﬁiﬁ%&a'rﬁﬁt&m'omr tracks are coincidentally
noved toward the magnetic filmto change a direction of a nagnetic nonent

inthe data region, effectively witing the data bit to the magnetic film
5. The data sibealgta dorage devicelddictaim, 3, whareimthetreagagficedomaiowalls wal | s

are noved assing .a witing current in at |east one of the upper track
and the Oﬁ PRE" 28 _Iog/_er%ﬂgk%g?ﬁp%?cﬂt]lérgaﬁtyocg\;{o&algg Ui ms5, wherein the
data is binaryhapdn i QRieR@Mt 8tlté 'thk InMils %P@'pérk%%% fibA & daift20632
1.DOC I RN 692638SG -43- wherein the data bit assumes the first state in

r esponsestoageeegion peiite mbghetic filas se thatrtha friingisg fididseda nohipflaentesaer ei n t he

data bit agsu S t}e second state in response to the witing current being
Fukirhil
econ

passed iﬂta i"*¢0 on. 7. The data stor age device of claim 3,

wherein the magnetic domain walls of the upper and |l ower tracks define a

plurality of domains; and wherein in a quiescent state, the domains are
par ked aéiay f F berdatayatiosage 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.

9: The data storage device of claim 3, wherein the magr‘ietic' domain walls

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

10.  The data storage device of claim 9, 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.

11.  The data storage device of claim 2, wherein the track comprises an

upper track and a plurality of lower tracks.

12. The data storage device of claim 11, wherein each of the upper track and

the plurality of lower tracks comprises an individual magnetic wire.
13.  The data storage device of claim 12, wherein the upper track and the

plurality of lower tracks define a plurality of selectable data regions within the

magnetic film.
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storage region of the magnetic filmso that the fringing fields do not
influence a state of the data region, 8. The data storage device of claim
3, wherein the plurality of upper tratks are connected together in series
so that domain walls associated with magnetic regions defined by the

magneti c, donal | s, are ved together across t ata st.orage region.
o the. ala o e 43la Seirde SRVICE ot B ZuBrErh e oAt e € shal n wal | S
in at | eggietit@ofiprises dpRedlity bAGEpertadkdiar PCaswér Bgdk. are pi nned. 10. The
data storage device of claim™, wherein the magnetic domain walls in at

| east one of the upper track and the |ower track are pinned by indentations

inth | f th t the | k. .11.. The dat
For nge. o ehe B3t Sorhds oHBS or Kl € N AT b B, Tk 2o
a pl uralipperafadk@Viid theasker tragk cdfp i@ﬁéansh@wml ﬁ'%‘f(;inléﬁc Qirecl ai m 11,

r
wherein each of the upper track and the plurality o ower tracks

conprises an individual magnetic wire. 13. The data storage device of claim

o ural i iPor - be BBRERPAGESaPE of BimiNa ot aRt U o BRE 1 98h5 0625
. DOC | RNanbhebid@ebtrath defifie alplaraliny of sélecaor: d&iregiodl witihthe, wherein the

at least one witing elenent conprises a plurality of upper tracks and a
| oner t ra@@Netisiinthe data storage device of claim 14, wherein each of the
plurality of wupper tracks and the |ower track conprises an individual
magnetic wire. 16. The data storage device of claim15, wherein the

plurality7.of Tixpdatd stardge device bhelaim\@e wHereinkhdefdcheommisesad ity of
sel ectabl e data regions within the netic film 17. The data storage

devi ce diluglify %@p%@céﬁ@ﬂ%pl%@x%% ri teagksa

18. The data storage device of claim 17, wherein each of the plurality of
upper tracks and the plurality of lower tracks comprises an individual magnetic

wire.

19.  The data storage device of claim 18, wherein the plurality of upper tracks
and the plurality of lower tracks define a plurality of selectable data regions on

the magnetic film.

20. 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.

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

a single magnetic layer.

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

a plurality of superimposed magnetic layers.
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plurality of upper tracks and a plurality of |ower tracks. 18. The data
storage device of claim17, wherein each of the plurality of upper tracks
and the plurality of lower tracks conf®ises an individual magnetic wire.
19. The data storage device of claim 18, wherein the plurality of upper

tracks dt plJurality of Jower tracks define a plurality of selectable
dat a reg&gns E‘ﬁe %Sh@é@pﬁgl@}%ﬁﬁ#&@tﬁi%r&m%’[ '§?gﬁ'%@'ge@é\¥t|'i'%e of claim 2,
wher ei n SAR 4 d ; ' ratlack

conpri seg%alggﬁg;%ug%@ﬁbo-g - g er elicﬁa){%g%g%tsgfﬁéiag?gRy%ggéﬁgggﬁd{s&tpo a region
of the nbeggraenagnédtidlayehere the bend of the upper track and the bend of the

| ower track cross. 21. The data storage device of claim2, wherein the

magnetic filmconprises a single magnetic |layer. 22. The data storage

devi ce 0p4Cl airfb HatdBRIrEHE dbliReRIRAN £ i BILARAIASE Srack dInhdldstyOf
B RS dS e GETY T e i Tk doptbrivss

superinposed nmagnetic | ayers. 1420 . The data

st or age bleck of nufgrdtisimatedial selectedrframn the gsausoonsisting diferppmagleticy  of
superinposed. ic layers are. separated by at | east one non-

fer ronagﬁ@??r@q?a%g%f”rﬁﬂgX‘ﬂelf?emagﬂr@?'st orage device of claim2, wherein the
upper track CRRBFdiffse Pwdl tRidk Impridied blockBf PhadgletRahstdrafiséieefddt he group

consisting of ferromagnetic material and ferrimagnetic material; wherein
t he | owefronrtaelgrewprepnsisting obfassimagneticgnatdrial and detrimagratisonatgrialr om t he

group copsj stin ferr neg | terial and ferrinagnetig material; and
wherein %@%@g{%ﬁ%@p%ﬁ? %ﬁ&é&%ﬁ%&%@ tg 9 Ee@'%'ﬁo #het W@aﬂﬁtﬁ%ﬁw X"thfef? m wher e
t he bl octhediotief thengipdritrrek stdikhbfodt OCtkhedbwehgatiRvRIsst rack cross. 25.
The data storage device of claim?2, wherein the track conpri ses

25. The data storage device of claim 2, wherein the track comprises

homogeneous magnetic material selected from the group consisting of

ferromagnetic material and ferrimagnetic material.

26. The daté-storage device of claim 2, wherein the track comprises
inhomogeneous magnetic material selected from the group consisting of

ferromagnetic material and ferrimagnetic material.

27. 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.

28. 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.
29. 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 from the upper track to the

lower track that coincides with the data region.
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honbgeneous magnetic material selected fromthe group consisting of
ferromagnetic material and ferrinagnetic nmaterial. 26. The data-storage
device of claim2, wherein the track 4onprises inhonpbgeneous magnetic
material selected fromthe group consisting of ferromagnetic material and
ferrimagnetic material. 27. The data storage device of claim2, wherein at

| east one of the upper track or the lower track is constructed of

al ternat4ig t ma,%be kal t.ed-{ hes p- consi sting
of ferro:bfr@gne 'F%aﬁ%{%trl gér}l\éc etrf?e’lrahngg%étv‘??r&?r}atﬁgrqag?mtggfe%gydata st or age

devi ce oheabaiimy 3 madveatii dirddtionraidginetiata bit.l m conpri ses an upper surface
and a |l ower surface; and further conprising an insulating, tunnel barrier
| ayer that overlies at |east one of the upper and | ower surfaces of the

magneti c3{ i | rﬁ'hgBataT%\ﬁgé%Ia%\%é’g?Sl%irﬂ%‘()i %g?%incé ﬁrism’r?agcrm‘é[ﬂ@ro‘?ri Riibher dat a bit

that is witten I'n region I's read by passing a reading current
from t hehemiata bitrisaididaivelhef a fistwasistaack valnatof dloe hmre gunmtioh. t he dat a
region. 1420632 |.DOC I RN: 692638SG -46- 30. The data storage device of
claim?29, wherein the data bit is read by neasuring a magnetic direction

of the dgsa bie qdfh stBRREH oS bPLANE HCWIEFoifla S Agnsfierein a Tir st

magnetic direction o e data I's indicative o rst resistance

val ue ofditsediohuritied dptanoit isandicaflve ©he séabad s¢sistagee dalliecef tbe tahaelim 30,

wherein a second magnetic direction of the data bit is indicative of a

second f¥8¥@Mhnce value of the tunnel junction. 33. The data storage

device of claim30, wherein the first resistance value of the tunnel

junction is lower than the second resistance value of the tunnel junction.
33. The data storage device of claim 30, wherein the first resistance value of

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

junction.

34. 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 oniy one of ahy of the
upper track or the lower track that crosses with the data region.

35. The data storage device of claim 34, wherein the data bit is read by
measuring a change in resistance of the magnetic tunnel junction surrounding

the insulating tunnel barrier layer.

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

are disposed at an angle relative to each other.

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

are disposed at a right angle relative to each other.

38. 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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34. The data storage device of claim2, wherein the data bit that is
witten in the data region is read- by passing a reading current in only
one of any of the upper track or thell-ower track that crosses with the
data region. 35. The data storage device of claim 34, wherein the data bit
is read by neasuring a change in resistance of the nmagnetic tunnel

j unct i om%ur r g datiystorage devdee af clagntluwhareipdheiraagnetigdiim is6. The data
storager{gﬁeryérﬁg of claim2, wherein the upper and | ower tracks are disposed
at an angle re?'ative to each other. 37. The data storage device of claim2,
wherein the upper and |ower tracks are disposed at a right angle relative
to each other. 38. The data storage device of claim1, wherein the magnetic
filmis 4Qnstthe dateestorgedevies pbalaisn Pnwhesrinthe paernakemagnatiofitm

Govi co arOTEron 4P ALY & R R HsRARER PR, Dot orned. a0, The dat a

storage device of claim39, wherein the patterned magnetic film conprises
a pluraljty of patterned magnetic sections. 41. The data storage device of
cl ai m 40t1-f urthiedataosiprags dryiemof elaim 40i fugther gpatrising avirgulatslg at | east
one sid ; | Col ny -acstorage device of
claim 4?a?%é?§?gail%§5?%%Spgﬁ(?%dq %@g%'ﬁaéé?%%c{ &%rgﬂgégiﬁn 0o a plurality of
patterned insul ation sections. 43. The data storage device of claim42,

wherein the plurality of patterned A magnetic sections cross with the

pl ural i A2 of Wi daterdaragesiavies ehclaise thlowhereinthe nsalatingdayedpage devi ce of

claim4 i i ; rned magneti c sections

stores g;[atliggrzésdf|H£%§a[gg§[agfybﬁ'§at%§ﬂé¢we%at g %%ng'e devi ce of claim 40,

wherein the plurality of patterned nmagnetic sections are simlarly shaped.
43. The data storage device of claim 42, wherein the plurality of patterned

magnetic sections cross with the plurality of patterned insulation sections.

44.  The data storage device of claim 40, wherein each of the plurality of

patterned magnetic sections stores at least one data bit.

45. The data storage device of claim 40, wherein the plurality of patterned

magnetic sections are similarly shaped.

46. The data storage device of claim 40, wherein at least some of the

plurality of patterned magnetic settions are non-similarly shaped.

47. The data storage device of claim 40, wherein at least some of the

plurality of patterned magnetic sections are circularly shaped.

48. The data storage device of claim 40, wherein at least some of the

plurality of patterned magnetic sections are rectangularly shaped.

49. The data storage device of claim 40, wherein at least some of the

plurality of patterned magnetic sections are square shaped.
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46. The data storage device of claim40, wherein at |east sonme of the
plurality of patterned magnetic sectigns are non-simlarly shaped. 47. The
data storage device of claim40, wheréginh at | east sonme of the plurality of
patterned magnetic sections are circularly shaped. 48. The data storage
device of,cl aim 4 erein at least s of th lurality of patterned
magnet i cég'ecﬁ—g]ﬁéj%? \é\%f%%‘? aﬁﬂﬁ?z??f:ca"?h werﬁ@:ﬁfﬁgﬁmegg}eage devi ce of
cl ai m 40plurdIRy @fBaﬁérnb@&ﬁégﬁ&f@séﬁtiohb%reIéllffb[ié‘éll)lyh edoatterned magnetic
sections are square shaped. 1420632 |.DOC I RN: '692638SG -48- 50. The data

storage device of claim40, wherein at |east sone of the plurality of

patterned, na G, S I l)ipticall h w01, The data storage
devi ce o% cl g-rﬁé ﬁ%fa %&%@?ﬁeg%g|0§8La{rﬁg§cﬁgvh(%eflhagqg%§tlﬁo£p§ Pbﬁl‘ff patterned
nmagnet i Cplarfity 6Npattérdet magintlcagddion ape tarkprilarkhéh4ip st orage devi ce of
claim40, wherein at |east sonme of the plurality of patterned magnetic

sections are patterned into a plurality of rows. 53. The data storage

devi ce cl aj i I f . lLlurality,of patterned
magnet i gg?secﬁ ﬁ%éggargggéaqee[ @?‘ﬁ%%ofﬁ'?ﬁ”?%gﬁﬁ‘%é?'f‘% I%qDStlcéSImu%ﬂgt.he 54. The data
st or age glendligeoPpattdrabdmdyneteaiertionglard pagérneaBtocd pluralitydfyemki ty of
patterned nagnetic sections are patterned into a plurality of rows and a

plurality of colums. 55. The data storage device of claim1, further

conpri si a i e r . t hrough t he
track f oérwt heﬁ%?%%ssétgﬁaé (?A%\lﬁ?? Er?gdtgﬂﬁ 493?@%?'@%2@?&5{%;%6& orage device
of cl ai mplb&litybiepatterntd ensyrdticisections arepatterneddniai s pluralith 6f coheniat a

storage device of claim1, further conprising an insulating tunnel barrier
| ayer disposed in proximty to the nmagnetic film

54,  The data storage device of claim 40, wherein at least some of the
plurality of patterned magnetic sections are patterned into a plurality of rows

and a plurality of columns.
55.  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.

56. The data storage device of claim 55, wherein the switch comprises a

transistor.

57.  The data storage device of claim 1, further comprising an insulating
tunnel barrier layer disposed in proximity to the magnetic film.

58. The data storage device of claim 57, wherein the insulating tunnel barrier

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

60. 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.

1420632_1.DOC IRN: 692638SG



58. The data storage device of claim57, wherein the insulating tunnel
barrier layer and the magnetic filmforma tunnel junction. 59. The data
storage device of claim1l, wherein th#&track conprises a bend. 60. The
data storage device of claim1l, wherein the magnetic filmis wunstructured
so as to render the location of the data bit non-localized. 1420632_| .DQOC
| RN. 692638SG -49- 61. The data storage device of claim1, wherein the
magnet I Cgfﬂ | Wﬁ@fﬂ%ﬁ%ﬂ%&ﬁagé‘ aBlRel g c‘garﬂpﬁt\élﬁ?rjeﬁyﬁ{e' mQénetT@ﬁln‘??BﬁHgﬁE?é age
device of claiml, erern the magnetic tilmconprises a plurality of
super i npasétglengngidtic lapgrers. 63. The data storage device of claim®62,
wherein at | east sone of the plurality of superinposed magnetic | ayers are
separated by at |east one non- ferronmagnetic |ayer. 64. The data storage

device obaol airflbbahRiEA delBeds RSt ARG i) Rllon ShEMRAboRBABEL s°s

honogeneous magnetic nateérial selected from consisting o

f er r omagagiuralityatfesuparingposefianagmetignieyérs. mat eri al . 65. The data storage
device of claim1l, wherein the at |east one witing elenent conprises
i nhonogeneous magnetic material selected fromthe group consisting of

ferromagpgt | CTRBIRIA dorAgl dBGIEEITRAARIAE e &llea§Goméoffidod of making

a data storage device, conprising: florm ng a contl nuous, unpatterned
magnet i cplitrality ohauperimposaksagmetic layegs ars séparatecby at)ladst anefnonai ng  at

| east onF vvriti\rléi. ell enent by disposing a track in proximty to the

magnet i ¢ FAMRIVHE'BYS - t he track defines a magnetic domain wall that is
caused to shift along the track in a direction of an electric current, when
the electric_current is passed through the track; wherein a data bit is
sel ecti vedy wihe gbtastorage davcesf alairadl, avherein theat least one writing

element comprises homogeneous magnetic material selected from the group

consisting of ferromagnetic material and ferrimagnetic material.

65. The data storage device of claim 1, wherein the at least one writing
element comprises inhomogeneou's magnetic material selected from the group'

consisting of ferromagnetic material and ferrimagnetic material.

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

forming a continuous, unpatterned magnetic film that comprises data
regions for storing data;

forming at least one writing-element by disposing a track in proximity to
the magnetic film, wherein the track defines a magnetic domain wall that is
caused to shift along the track in a direction of an electric current, when the
electric current is passed through the track;

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

within the track.
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magnetic film using a fringing field fromthe magnetic domain wall in the
track to selectively change a direction of a magnetic nonent in a storage
region within the track. 1420632 | -°DOC I RN. 692638SG -50- 67. The net hod
of claim 66, wherein form ng the at | east one witi ng el ement conpri ses:
form ng upper tr e the magnetic, fi nd formng a |lower track
bel ow t H&/-naghe metﬁpé m? Gﬁawhﬁégw&errﬁmg&}\si%? t ARGVEIIND GlemA bit is
sel ectivgl p%é able into a data region of the magnetic filmwhere the
upper track and the lower track cross, using fringing fields fromnmagnetic
domain wal |'s ﬁamnid@aupppertraalcbbamithdllmagheﬂeﬁlnh rarck. 69. The net hod of

claim68, wherein formn track co rises pinning the magnetic
domain walls Pﬁ"‘!%aﬁ%‘%rgtr@‘g‘a%%g%e of claim68, wherein

formng the | ower track conprises pinning the magneti c domain walls in the
| ower track. 71. The nethod of claim67, wherein the at | east one witing
el emrent 6&onpfihe asethoploliciaimtty, efhenpiper datadukis wfmi:t'aelfyl writgble intof | ower

tracks. . The nmet hod of claim 71, erein ea lurality of upper
tr acks a%%a resengTdPamagnale Nwhere Hewopes Fark 804 e oler Uechial magnet ¢
W re. gﬁé | I t

conpri ses gq% or m@ 'gé {)@Hg fIICBvr\}ﬁere q‘bgjrdrwénlg V?é”e%g éﬁ\?\gru fegfzr }Ezgﬁgri ses
form ng taebewdl;tranld wherein the data regi on corresponds to a region of the

magnetic film where the bend of the upper track and the bend of the | ower
track cross. 74. The nethod of claim 67, wherein form ng the upper track

conpri tSE@Q f OTHi@ HﬁatﬁodpbPélElrﬁf68”%'é?élhffoﬁﬁhgrthé‘-hpééff fatRdomppiges he group
consisting o
plr?nlng the magnetic domain walls in the upper track.

70.  The method of claim 68, wherein forming the lower track comprises

pinning the magnetic domain walls in the lower track.

71.  The method of claim 67, wherein the at least one writing element

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

72.  The method of claim 71, wherein each of the plurality of upper tracks and

the plurality of lower tracks comprises an individual magnetic wire.

73.-  The method of claim 67, 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.

74. The method of claim 67, 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
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ferromagnetic material and ferrinmagnetic material; wherein formng the

| oner track conprises formng a block of magnetic naterial selected from
the group consisting of ferromagneticlmaterial and 1420632 1.DOC | RN:
692638SG -51 ferrimagnetic material; and wherein the data region
corresponds to a.region of the magnetic filmwhere the bl ock of the upper
track an@imagpeticmaterialnand whsreinthe drtafagien comespandsieryergion ot ai m 67,
wherein r k 8ES m ng at
| east onﬁggo gﬁ%ﬁ&u@%‘%t@ iea@{(eatglr&?Egt%&?ﬁ%k&{)&%@?g{%g %nlgkt%pes of
magnet i ctraek emoisal s sel ected fromthe group consisting of ferronmagnetic
material and ferrinmagnetic material. 76. The nethod of claim67, wherein
~the magnetic filmconprises an upper surface and a | ower surface; and
further npr+sd ¥ PO i =1 ] I Let coats
bot h the%t}ppe1r-ﬁ%n t%‘@?/\g‘; E%Hﬁ]@ gléggllé Béhtfﬁgmhggﬁgtuip@gg %ﬁ%‘ aba?{ﬁ%'rlée\pé;}rlet hod of
cl ai m 6@&rackhesrapriséofomnitg ahleastgmedf thef upperaeirarses lower thacigofan
unstructtf{ed ma g/etic filmso as to rer]der the |l ocation of the data bit

non- | oc AFRAING YPes i MrANFE Batesials sr'eeed i dhe IFBIMENPISNG Pagnet i ¢
filmco ' §i8 At ' i \.g.kayer. 79. The nethod of claim
66, mhe?gfrlr?ﬁfa?rn% Igéﬁ% %ga%rzdngét}b@agﬁlgﬂ?@oﬁ%i@ées formng- a plurality of
superi nposed -nagnetic |ayers; and wherein at |east- sone of the
super i ed netic,layers are separated by at |east one insulating
Cayer.  BO: TR B GBI S BESTAIRdre MPKBHTHE CORPTRE AHeRPHne i ti ng
el ement g ¢RIFRIARES IMSeMIrRREPgRAEOUS magnetic material selected fromthe
group consisting of ferromagnetic material and ferrimagnetic nmaterial .
further comprising forming an insulating tunnel barrier layer that coats

both the upper and lower surfaces of the magnetic film.

77.  The method of claim 66, wherein forming the magnetic film comprises
forming an unstructured magnetic film so as to render the location of the data bit

non-localized.

78.  The method of claim 66, wherein forming the magnetic film comprises

forming a single magnetic layer.

79.  The method of claim 66, wherein forming the magnetic film cdmprises
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.

80. The method of claim 66, wherein forming the at least one writing element
comprises using homogeneous magnetic material selected from the group

consisting of ferromagnetic material and ferrimagnetic material.
81.  The method of claim 66, wherein forming the at least one writing element

comprises using inhomogeneous magnetic material selected from the group

consisting of ferromagnetic material and ferrimagnetic material.
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81. The nethod of claim66, wherein formng the at | east one witing

el ement conprises using i nhonogeneous magnetic material selected fromthe
group consisting of ferromagnetic neterial and ferrimagnetic naterial.
1420632 1.DOC | RN: 692638SG -52- 82. The nethod of claim66, wherein
formng the magnetic filmconprises patterning the magnetic film 83 The
nmet hod of cIa|n182 mhereln the patterned nmagnetic f|In1conpr|ses

pluralitgs mﬁq 83
wher ei n each -Q?é Hﬂée p@ [ ty b E%Tg?ﬁ‘%'a%e ne rfaékgfe?@t%n g%sg]r es at
| east onEattbhiagkthe m@@aet'&ﬁ&mrret hod of claim83, wherein the plurality of

patterned nmagnetic sections are simlarly shaped. 86. The nethod of claim
83, wherein patterning the plurality of patterned magnetic sections

conpri seg patfid méﬂ%@pf bng %ggfggraﬁ m@paﬂéme%' ﬂnbgg_eﬁc g@f&@ﬁ@ﬁ@% magnet i ¢

sections I'nto non-sim magnet1 c sectio net hod of

claim 83 pwuiirtysoﬁppﬁertredrmagneﬁmsqmﬁmnal ity of patterned nmgnetic sections
conprises patterning at |east sone of the plurality of patterned magnetic
sections into circularly shaped nmagnetic sections. 88. The nethod of claim

83, wherg n Ped RleMdtof +1§|nﬁ’b9r®hbfféin %facﬁ%‘fftl’?é g‘%&’aht%?ﬂ'é&éﬁme%ec“ ons

conprises patterning at'least-sone of the plur patterned magnetic
sect i onsnagnetia saationg wtenck yat agtederdedabiti c sections. 89. The nethod of

claim 83, wherein patterning the plurality of patterned magnetic sections
conprises patterning at |east some of the plurality of patterned magnetic

sectiongg, nt i Mleticy bwam 88oWherdif thel PrRiraIRY bP PaftérridldahByAstc Wher ei n
patterning the plurality of patterned magnetic sSections conprises

pat t er nisegtions Reasimiagishepedhe plurality of patterned nagnetic sections
into a plurality of colums.

86. The method of claim 83, 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.

87. The method of claim 83, 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.

88. The method of claim 83, wherein patterning the plurality of patterned
magnetic sections comprises patterning at least'some of the plurality of -

patterned magnetic sections into rectangularly shaped magnetic sections.

89. The method of claim 83, 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.
90. The method of claim 83, 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.
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1420632 1. DOC | RN: 692638SG -53- 91. The nethod of claim83, wherein
patterning the plurality of patterned magnetic sections conprises
patterning at |east sone of the plurafity of patterned magnetic sections
into a plurality of rows and a plurality of colums. 92. The data storage
device of claim66, further conprising overlying an insulating |ayer on
one si de9bf thbetmetbrd cdBlaimHi3, whetein patternimgrthe pluratibrefi pattereed yi ng t he

i nsul ating | ay ' . _patterning. the insulating | i nt
ol urai | ¢§ognhS spEiarB caTRRys et pefeDitPatads! 3t SHBFRLANEY b o1 & m 03,
wher ei n pagemklmadghsticcdedtidht aitbedpPane b Fows 8ad aQharatitpescollifihst he

plurality of patterned insulation sections. 95. The nethod of claim 66,
further conprising connecting a switch to the track, to pass current

of ol i ri6s, | WerasSeese B VER 28 shm e Lo AP BB BWBHyindRo rethod of -
cl ai m 56in3ﬁ@nihﬁegy@czjm@,h§gmg dfahaitmagkan i nsul ati ng tunnel barri er | ayer in
proximty to the magnetic film 98. The nethod of claim 88, wherein the

insul ating tunnel barrier |layer and the magnetic filmforma tunnel

et oo TS HEARE oB Ll d2. et haohie 8 P A RhRE PO utRgb @
pl ur al i tyatedrnihat the inQ@atimg ldyer irtd er ploglidadbpatéstledindudatidn sagtionsi ti ng

el ement for disposal as a track in proximty to the magnetic film wherein
the track defines a magnetic domain wall that is caused to shift along the

track i di i el | Coi : LG, current is
passed R@ougﬁﬁ(%h*e&ﬁ?gfg&?%{rﬁeg%chgﬁ?g%ﬁgéé wrgl't%@%é‘ré‘{g@‘c Ive nle\ﬁ\/?i ting the
dat a bi tseaotioastchesgwith the glurality of patierneaignstlation skotiarss.ng a fringing field
from 1420632 |1.DOC | RN: 692638SG - 54-

95. The method of claim 66, further comprising connecting a switch to the

track, to pass current through the track for the purpose of writing the data bit.
"~ 96. The method of claim 95, wherein the switch comprises a transistor.

97. The method of claim 66, further comprising forming an insulating tunnel

barrier layer in proximity to the magnetic film.

98. The method of claim 88, wherein the insulating tunnel barrier layer and

" the magnetic film form a tunnel junction.

99. A method of writing a data bit on a data storage device that comprises:
a continuous, unpatterned magnetic film that defines a plurality of data
regions for storing data; and
at least one writing element for disposal as a track in proximity to the
magnetic film, wherein the track defines a magnetic domain wall that is caused
to shift along the track in a direction of an electric current, when the electric
current is passed through the track, the method comprising: selectively writing

the data bit into the data regions of the magnetic film using a fringing field from
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the magnetic domain wall in the track to selectively change a direction of
a magnetic nonent in a storage region within the track. 100. The net hod of
claim99, further conprising connecti¥g a switch to the track, to pass
current through the track for the purpose of witing the data bit. 101.
The nmethod of claim99, wherein the track conprises an individual magnetic
wire. 10%e rmagnetic demast wall in thertvack tonwelectivelyhnehangga directiorefa plurality

of sele | i.0, ( jJym 103. The nethod of claim
99, \/\her@%g%ﬁ%ﬂﬂ(}a@%@tﬁﬁ@ %B[érﬁél Eseléﬁon@gﬁ@tth%etgdésko as to render the location
of the data bit non-localized. 104.. The nethod of claim99, wherein

sel ecti veIC}/ witing the data bit conprises coincidentally noving the
fringi ng!G-el the mﬁgfh@%@f RAYAAS, SurthereGOMPRENY CPORNEGBG @ SWKCh dviiel t he

rogi on. ostt T pasEERAER Brstait e O3 tor e BARRES ol MR el 2l g e

fringing field fromthe magnetic domain wall in the track conprising
passing a witing current in the track. 106. The nethod of claim 105,
wher ei n Piksi hee fethedpf elgimide, whereisthaitiaskcopwriseaeigdividialat a bit to
assumne %Bgﬁé{icmrgary state; and wherein passing the current in a second
direction Causes the data bit to assume a second binary state. 107. The
met hod of claim99, further conprising pinning the magnetic domain wall in

the track, . 1420632 1. | RN:, 692638SG, -55- 108, The nethod of claim 99,
further ﬁ?rrpﬁ'%ﬁ HlftE%CFD%g?UBIqu &Vg'ﬁffﬁﬁ ﬂe%’aeéfi&ﬁn%? Rlwraliyeofyat a regi on by
passi ng s%lé&églier@htﬁ%élﬁﬂg dnnthét?ﬁaér‘ié’t&kfilﬁ'hat crosses with the data region.

103. The method of claim 99, wherein the magnetic film is unstructured so as

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

104. The method of claim 99, wherein selectively writing the data bit
comprises coincidentally moving the fringing field from the mégnetic domain
wall in the track toward the magnetic film to change a direction of a magnetic

moment in the data region.

105. The method of claim 104, wherein coincidentally moving the fringing field
from the magnetic domain wall in the track comprising passing a writing current
in the track. - h

106. The method of claim 105, 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.

107. The method of claim 99, further comprising pinning the magnetic domain

wall in the track.
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109. The nethod of claim 108, wherein selectively reading the data
conprises neasuring a change in resistance of the insulating tunnel
barrier layer. 110. A nethod of readihy a data bit on a data storage

devi ce, conpriS|ng the data storage device being formed by disposing a

t unnel ti a is conprised of an insulating tunnel barrier |ayer,
in pI’OXI g ?Be @bﬁgiqz&lﬁ@ 99, f%‘ﬁ'&‘t‘rtm@fdﬁ'ﬂﬁéﬁlﬁcﬁ'&elfr’lfﬁﬁﬁ“ﬂﬁéhe@@ﬁ nes a

plural ity ﬂ'fth‘égcﬁﬁa r@ﬁi‘oﬂgglt b &Ysi eréﬁ'@ipg(%]trr%nt ﬁp@u £ %ﬁﬁ\’@{)&és@g%ﬂ{mg the

data bit sto int a regions o e nmagn assin

readi ng therdatatregiont he track that crosses W|th t he data regions. 111 The
nmet hod of claim 110, wherein selectively reading the data bit conprises
measuring a change in resistance of the insulating tunnel barrier |ayer.

112. The1ggt hode Hethb 'o'Frbl]a%ﬁ 1g8f‘$\fh‘3e'ré‘in éﬁ/@%re%e fh%ec?atgr&obﬂgjs}ékdual

magneti c W|re 113. e met clalm ere| the trac errnes a
plurali tmeaéurnsx;laeﬂmaagben dedistanegiobtre msutdtiegriagmatbarrién lager.114. The met hod
of claim 110, wherein the magnetic filmis unstructured so as to render
the | ocation of the data bit non-localized. 115. An apparatus for reading a

data bitqq aA‘i'ﬁétﬁoéto‘?rré‘ékﬁn%%Vdé}g bli?(ﬂf‘?rda% QQJragé‘dEVIBBe&oﬂnHﬂglhgon formed by

di sposing an insulating tun barri er conti nuous,
unpat t er ned ntherdsta stdragendeize tcterhg fwmmi lp)y drsabsllng a)funrldaaﬁmctleglttmts for

t data; 1420 2638SG -56- a, | t that
:elocrai:tn?\h??:?”?pébc'& E}h"é‘ 'BQW%W %?’@H"?r aY‘?fe'rHB'iog"{‘ F%ﬁgogf're"tr'rq?i'gs magﬁetlc

Film by @ﬁ%%dg@@ﬂb'ﬂ%%‘étrdﬁﬂne'srh [0Palfty BN Ghtdl redfdn hgugh the data
regi ons. ur‘}%g rThe appar atlus of claim1 E:)L5 V\%erel n t%e rsgg(rjisf%mgl enent

sel ect i wiatg; and
selectively reading the data bit stored in the data regions of the magnetic

film by passing a reading current in the track that crosses with the data regions.

111.  The method of claim 110, wherein selectively reading the data bit
comprises measuring a change in resistance of the insulating tunnel barrier

layer.

112. The method of claim 110, wherein the track comprises an individual

magnetic wire.

113. The method of claim 112, wherein the track defines a plurality of

selectable data regions on the magnetic film.

114.  The method of claim 110, wherein the magnetic film is unstructured so as

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

115.  An apparatus for reading a data bit on a data storage device, comprising:
a tunnel junction formed by disposing an insulating tunnel barrier layer in
proximity to a continuous, unpatterned magnetic film that defines a plurality of

data regions for storing data;

1420632_1.DOC IRN: 6926385G



reads the data by neasuring a change in resistance of the insulating tunnel
barrier layer. 117. The apparatus of claim 115, wherein the nmagnetic film
conprises an individual nmagnetic wi-rs.- 118. The apparatus of claim 117,
wherein the individual magnetic wire defines a plurality of selectable

data regions. 119. The apparatus of claim 115, wherein the magnetic filmis
unst ruct ur ed @ eeading etemenidbat selectivedytaasts tbe date bitsterediin thedataocal i zed.

conpr 51 hgad BERETEETIET BY g o R P R B R iy 10
t he magnptdugH theratahegiehs. the track selectively defines a shiftable

magneti c domain wall; and wherein a data bit is selectively stored in one
of the data regions of the magnetic film using "a fringing field of the

ragnet ¢ ttomorte FRPeRAC A0 Gaird 478 wh st B AR e RHISRIAOPE o1 0 i

120, wheeead# tiddatiompiieasatihg aschapigedn resisaindelof eité Msutdtingtaheel carriers
al ong the track. 122. The data storage device of claim 120, wherein the

domai n @rrief laygbved in an opposite direction at charge carriers along the
track. 123. The data storage device of claim 120, further conprising at
| east one additional track that is disposed in proximty to the magnetic

film 1420632THe apk¥Xratdof G8IA638SGvhéréin thtdmagheticfilna corprisgs agevi ce of
claim 123, wherein the track and the additional track are di sposed on
opposi t dndivigual BragNREC Mignetic film 125. The data storage device of claim
123, wherein the data regions are selectively witten by using a
conmbination of fringing fields fromdonmain walls in the track and the

addi ti orfdl8. t ridekapparatus of claim 117, wherein the individual magnetic wire defines

a plurality of selectable data regions.

119. The apparatus of claim 115, wherein the magnetic film is unstructured so

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

120. A data storage device comprising:

an unpatterned magnetic film comprising data regions or storing data;

a track disposed in proximity to the magnetic film, wherein the track
selectively defines a shiftable magnetic domain wall; and

wherein a data bit is selectively stored in one of the data regions of the
magnetic film, using a fringing field of the- magnetic'domain wall in the track to -

selectively change a direction of a magnetic moment in the data region.

121.  The data storage device of claim 120, wherein the domain wall is moved

in a direction of charge carriers along the track.

122. The data storage device of claim 120, wherein the domain wall is moved

in an opposite direction at charge carriers along the track.

123. The data storage device of claim 120, further comprising at least one

additional track that is disposed in proximity to the magnetic film.
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126. The data storage device of claim 125, further conprising a reading
device for reading the data regions. 127. The data storage device of claim
126, wherein the reading device conmprises a magnetoresistive sensor. 128.
The data storage device of claim 126, wherein the reading device conprises
a magnetic tunnel junction device. 129. The data storage device of claim
128, wherein the magnetic tunnel junction device is disposed between the

magnet i ci4) | ”Tﬁé'ﬁa{éﬂ'gtf&&fegﬁ?n\ﬂ%gfﬁla%d@3 Whetrg'ig tH?Q%%[(ia%dfthEm 130. The

dat a storage device wherein a magnetic tunnel ~junction

- devi ce additibrsgiaseit dretdigesediun opgruitel sidéd bMhanglaghetid filaek 131. The data
storage device of claim 129, wherein the reading device further conprises
an additional nagnetic tunnel junction device. 132. The data storage device

of clai 1, j } (I i | | 5. di sposed
bet weenml%% ngpé;@ng%féc&f)lp%&ﬁ g%\ggfh\églta?rggk@%owﬂg%\ﬂtg?'&aﬁf?éég‘fc?g?é ?'ﬁee magneti c
film arsbledteres writtbe byddiing arambimativet diciringimgefieldsifroli domattewali€in S

di sposed, between the netic filmand the additional track on a second
side of thﬁéf%\ﬁl\“ig%{mh@ 3qqtiRNa| ¥86K32 1. DOC | RN 692638SG - 58- 133. The data
storage device of claim 120, wherein the magnetic filmis forned of a
single magnetic layer. 134. The data storage device of claim 120, wherein
t he magriéld.c The dafasstofagendelicd oficlpimir2bi furthelr coagnisirigca reyding. 135. The

dat a stgd'a e &)evic of cla'{m134 wherein the domain wall in a first
magnet i @9 rirgadipg &e dAtaredions direction of charge carriers along the
track; and wherein the donmain wall in a second magnetic layer is noved in
a

127. The data storage device of claim 126, wherein the reading device

comprises a magnetoresistive sensor.

128. The data storage device of claim 126, wherein the reading device

. comprises a magnetic tunnel junction device.

129. The data storage device of claim 128, wherein the magnetic tunnel
junction device is disposed between the magnetic film and the track on one side

of the magnetic film.

130. The data storage device of claim 129, wherein a magnetic tunnel junction
-device is disposed between the magnetic film and the track. - - -~

131. The data storage device of claim 129, wherein the reading device further

comprises an additional magnetic tunnel junction device.

132. The data storage device of claim 131, wherein the magnetic tunnel
junction device is disposed between the magnetic film and the track on a first
side of the magnetic film; and wherein the additional magnetic tunnel junction
device is disposed between the magnetic film and the additional track on a

second side of the magnetic film.
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second direction of charge carriers along the track that is opposite to the
first direction. 136. A data storage device conprising: an unpatterned
magnetic filmconprising a plurality ©¥-data regions for selectively
storing data bits; a witing track disposed in proximty to the magnetic
filmfor defining a shiftable nmagnetic donain, \rg\t/gl and, wherein a data bit

f | :
i s sel ecl3%el Jhedata serage grwceof Claamdtdly whegeipriae spagngtic tigyisetic fil m by
shi fti ngethe r@;gpgff%@ rqggﬁéﬁb M@H in the track al ong one of two
93 . - The -data stora

di rections. rage-devi ce of claim 136, wherein the-donain
wall is nmoved in a direction in which charge carriers nove along the
track. 113:),84 Tﬂe dat a storage device. of claim 136, wherein {he donmain wall

‘n

is noved he da s10RE% %\9@?pécww@%wf@ﬁ%eﬂéée@aagﬁeé&csf"%% al ong the
track. i rising: an unpatterned magnetic film
for st orlfi%ﬁrgegaq#?@}lt%!w ﬁgg]agﬁé{rlgﬁ){é?/ggf data regions; an insulation |ayer
that covers at |east sone of the data regions; 1420632 | .DOC I RN

692638SG - 59-_a reading track disposed _in proxinty to.the magnetic film
for dof i g Hhe SAIE HAFAGS ARYReOT BB i wRiarein The Hginie taH T sbed | n

proxim tMabHeﬁ@%g@FWbb&d{jﬂ tbh'ﬁrest‘;dgfeo%ﬁﬂf CHafge é&ﬁ@hs”%lyﬁgrt!ﬁ?%bk?”d wher ein

a data bit“stored 1n one o ta regions s rea hifting the
magnet i carbrmain wall in the track in proximty to the data region in which
the data bit 'hs st rresponding variation in the

re& and by. neasur i nﬂ?a Cﬁ |
reading cur r¥RErSThHE (OGN Wal I SERANd Magnellg 1 iR ' RESHEE ¢ dommi n
vel | . second direction of charge carriers along the track that is opposite to the first

direction.

136. A data storage device comprising:
an unpatterned magnetic film comprising a plurality of data regions for
selectively storing data bits; )
- a writing track disposed in proximity to the magnetic film for defining a
shiftable magnetic domain wall; and
wherein a data bit is selectively written in one of the data regions of the
magnetic film by shifting the magnetic domain wall in the track along one of two

directions.

-137. - The data storage-device of claim 136, wherein the domain wall is moved —

in a direction in which charge carriers move along the track.

138. The data storage device of claim 136, wherein the domain wall is moved

in a direction opposite to which charge carriers move along the track.

139. A data storage device comprising:
an unpatterned magnetic film for storing data bits in a plurality of data
regions;

an insulation layer that covers at least some of the data regions;

1420632_1.DOC IRN: 692638SG



1420632_1 .DOC I RN: 692638SG
-59.

a reading track disposed in proximity to the magnetic film for defining a
shiftable magnetic domain wall;

a conductor disposed in proximity to the magnetic film, for passing a
reading current; and

wherein a data bit stored in one of the data regions is read by shifting the
magnetic domain wall in the track in proximity to the data region in which the
data bit is stored, and by measuring a corresponding variation in the reading

current that results from the shifting of the magnetic domain wall.
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