SYSTEM AND METHOD FOR STORI NG DATA I N AN UNPATTERNED, CONTI NUOUS MAGNETI C
LAYER CROSS- REFERENCE TO RELATED APPLI CATI ONS The present application is
related to co-pending U S. patent applications Serial No. 10/458, 554,
titled."Shiftable Magnetic Shift Register and Method of Using the Sane,”
and Serial_No. 10/458.147, titled "System and Method for Witing to a
Magnetic Shift Register,” both of which were filed on June 10, 2003, and-

are incorporated heregj y,reference in their entirety. FIELD OF THE
| NVENTI ON The pr ese%ﬁ%rﬁ“@ﬁwggh@ﬁlﬁ%tsé%@iﬁﬂﬁ MdrAN st or age

. systens, and parti qupatrER f h ses the
magneti ¢ nonent of nngﬁg:r?r (!::'t m&%ﬁ&?@ﬁ(ﬂ@gr@gﬁéﬁ@é?@pt@ﬁ’h ally,: the
present .invention relates to a systemthat stores data in an unpatterned,
cont i nuous—ragheti-c—tayer - BACKGRAMND OF THE | NVENTION 3 There i s great

interest today in magnetic random access menory (MRAM as . a high

per f or mpgRy [ [ Y ; i unnel junction (MIJ)
menory em%ﬁéh@hlé@f@ LATEDP PERCATI écorrpri ses two | ayers of
ferromagnetic material separated by a thin insulating material. The
direction of the rrggnetic, monent of one of the layers is fixed, for .
exanpl e, by ERIESSHEAPRIcREioRiS Felatsd tarorpendingrilgpapatenhapricatipnaSerial
descri befgi . t «Q : ; ; f ' this.layer from
aferrorragngg}i%:@ r’r%sflgrﬂ?gfj' %H{T%‘Bga @ggggtlgnggﬁegéggéﬂi@gj{@%g&d Or}&i%'ﬂs Sher
thar t habaote,t aed Sedehilof t0MEBHgTetitied FBysem arl Mesedd ReWVithddoS patents

nunbers 5,.801..984 .and 5, 93 3. 1.The magnhetic nmonment of this-first |ayer
{f"?esponds%@gﬁt'?%ﬁtﬁgeggefrhgﬁg@ﬁ@h@ Yiees tled arniune 40.2M¥prnddreturi ng t he
* operati Oilanfper%dWéf@Trﬁ/bﬁ%fbfe%ceWtl‘?é?F‘éﬁﬁ}%fy_' in the second ferromagnetic
. layer, the nagnetic nonent direction is allowed to nove in ’ '

FIELD OF THE INVENTION

The present invention g‘en‘erally, relates to memory storage systems, and.
_ par’cicuiariy-.to a memory s’_tor_age system that uses the magnetic moment of magnetic
domains to store data. Specifically; the present invention relates to-a system that .

- stores data in an unpatterned; continuous magnetic layer.

-

- BACKGROUND OF THE INVENTION

e

) There is great interest today in magnetic random access memory (MRAM) as a
high performance, non-volatile memory using magnetic tunnel junction (MTJ) '
merh_ory 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 fayers is fixed, for example, by exchange bias with - -
an antiferromagnetic material as described in U.S. patent number 5,650,958, or by,-
forming this layer from a ferromagnetic material with a large magnetic anisbtropy,
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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response to magnetic fields which are applied during the operation of the
menory device to set the direction of. the magnetic nonent of this |ayer.
This applied field is referred to as the witing field or swtching
field. It is advantageous if the magnetization of both the first and
second ferromagnetic |ayers are |argely honbgeneous and aligned al ong one
parti cul ar Terraaghetic s@nidiatof tiib éirsragpatrbspomiens liftier i the seagh&ld felds
singl e nmagnetic domain. Usually the nagnetic nonent will not be
homogenedbishiie applipe siuang yhapperdioadydke sienory dayios. By aundrast tindhe
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with a particular shape and area. To create the MRAMthe MIJ el enents are

incorporated within a network of "wite" and "bit" lines for the purpose:
of readi nglt iagdvantageays ifibe mmrAgnedigatier of bethdbs dirstisad secopddermpatagmietic
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~ f or m t hddireatdd awapditdm thenpedfemgd diractiorons of a particul ar shape and si ze.
- One of the nmajor problems with MRAM using MITs is scaling the MIJ el enents

to very snall sizes. The switching fields of these el enents becone ever

mor e sensi fNeverthSless, thB&IiRRLBh |0f thes hiaghkHE tadtherdths 1818880 R] 1 RRRAI devi ces
as the devices becone smaller. _ )
fargely either be parallel or anti-parailel to the first layer, thereby allowing the storage

of data in the form of “ones” and “zeros”. The-individual MTJs are generally formed
by micro-lithographically patterning a continuous film comprised of the magnetic - S
tunnel junction structure, and thereby.defining an MTJ element Wit’h a particular -
sha-pe and area. To create the MRAM the MTJ elements are incorporated within a

network of "write” and “bit” lings for the purpose of reading and writing the MTJ -

e

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<jayered film comprised of the magnetic tunnel junction
structure on top of the array of write (or bit) lines which have been fabricated ina
prior step. ‘The MTJ film is then patterned using an etching technigue to form the

ultra-small iunneling-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
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Smal | variations in shapes and sizes of the MIJs and edge roughness of

t hese devices cause |arge changes in the magnitude of field required for
witing the individual device. Mreover, the field required to change the.
state of 'the MIJ nenory el enent increases as the size of these elenents
decreases. The magnetostatic fields enanating fromthe magnetic poles at

t he edgestiefddthited\iiduct ; ' etermne the required
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el enments is changed by passing currents through parallel arrays of
"wite-line" and "bit-line" wires near the MIJ nenory el enents.

Typically, Irge @naqde%s%ﬁic ki 'eﬁ‘la\nla ok m%é Oe:glg g{gg la?&egn td%ggrgfe,@g réﬁﬁ} ,eﬂs? Y

passing electrical currents throu WO WTr

bel ow t heN&MIvedieivenis pnmammmetmm; réduirgd afsgﬁlt@e ofthSwr ﬁ‘{)go(ﬁ%mﬂ ing
each of tfi% wite-line and I ne. W|res

W S.

ate typi caﬁS T'g éfHEj@ ]{)th mgmwmlbqlda%@oa@l@@mmexmaﬁewahethel\fﬂilb of
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wWiite and it Wres & as Sghf S daterienembses pBHML9Ef one of
t he bit-I6,TE%320darane 186,94, Wwite-lines, is witten by passing currents

- -simultaneously al ong these wires. Al ong these same wires there will be a
nunber of hal f-selected el enents which are subjected to either the

write-line |fé@hdnBbndi e diield, . 3, The maximum fiel ds t hat can be
generated by the cur?ewgﬁa}ag}sqs%daoé ahl{erpéuw' At of the storage
elements is changed by passing currents through parallel arrays of "write-line” and-
“bit-line” wires near the MTJ: memory elements. Typically, local fields at individua! MTJ

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

An MT.J 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 t0 be orthogonal 1o one another with the -
By MTJ element ofiented with its easy magnetic. axis ariented along one of the wires, usually
referred to as the bit-line, although the MTJ device may also be onented at some otherangle

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- fines,
is writen by passmg currents smu!taneously along ihese wires. Along these same wires

there will be a number of half-selected elements which are subjected to either the wnte—hne
fleld or the bit-line feid



bit-line wires is limted to about 100 Ce for reasonable current densities
(or perhaps twice this anount if the wires are clad with a highly
perneabl e soft ferronmagnetic. material such as permalloy). The maxi num
current is limted ultimately by electro- mgration whereby atons in the
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t hese' dﬁyﬁéw@y bf&@ssbecome susceptible to thermal upsets due to the
super - paranagnetic effect. Consequently, the MIJ el enents nust have
sufficient magnetic ani sotropy that they are stable against.thermal
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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 iess 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.
A Consequently, the MTJ e!eméntsmﬁst-have sufficient m’aghetic anisotropy that they are
)‘ stable against thermal fluctuations at the operating temperature of the MRAM device and,
e partiéulariy; 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 elemehts, and in which
mich larger local magnetic fields can be generated, allowing smaller magnetic
elements with sufficient magnetic stébiiity against thermal fluctuations. The need for

such a system has heretofore remained unsatisfied.



According ta a first aspect of the present disclosure, there is provided a
dat a storage device conprising: a continuous, unpatterned nmagnetic film
conprising data regions for storing data; at |east one witing el enent
conprising a track for disposal in proximty to the magnetic film
wherein the track defines a nmagnetic domain wall that is caused to shift
al ong t%ﬁ”ﬁgggg in a direction of an electric current, when the electric
current I'S %d through the track; and wherein a data bit is selectively
witable into the data regions of the magnetic film wusing a fringing
field fromthe magnetic domain wall in the track to selectively change a
di rection of A&Cﬁﬁgﬁ@tq 2 firdaspect of thedraserd disgesne, hecoidpiyidesl a second

aspect 85*5&%5%,9?@%\?]&%%%@@?‘ ge there is provided a nethod of making a

data storage | form ng a continuous, unpatterned
magnetic fil endomihus@sTuinpeerstat maghede @ms cobaprisingrd4tg rdgioas foor m ng at
| east one witing elenent by disposing a track in proximty to the
magnet i 8riNgHatdherein the track defines a nagnetic domain wall that is

caused to shi t ' L; ' f tric. current,
when the el 'gf:{eralg %:8@%91\&@?9 %Ié;‘rﬁ%gisg%@pﬂ ﬁibg?gfﬁé)@%@rp r S‘I%;la?ﬁ' e'JP g%”ﬁ\'%{odata bi t
i s sel ettte magyetic filnablieereit thet thacldadfngseg naghett dohwmin negrthbtic film using
a fringi nﬁ f&el%&&r&mthe magneti c dopain wall in the track to

sel ect i FHSEXIRa3TYE aipnd thedradringt disechagrdtarcelRpireurientavienthitye regi on

W t hin ag\(e i i . ct of the present disclosure,
5here ién_%;(%c{/l edﬂggﬁﬁ%ﬁd;g“éggwrﬁ?ﬁgﬂa ata bit on a data storage device
~that conpri sederencoddtamilos selactipalytventable imbgihet data fredjions lmdithalef | nes a
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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
regions for storing data; | _ |
forming at least one writing element by disposing é track in proximity fo
the magnetic film, wherein the track defines a magnetic _dbmain wall that is
caused to shift alohg 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
magnefic 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

5



magnetic film wherein the track defines a magnetic domain wall that is
caused 5 to shift along the track in a direction of an electric current,
when the electric current is passed through the track, the method . .
conprising: selectively witing the data bit into the data regions of the
magnetic filmusing a fringing field from the magnetic domain wall . in the

track t ' : ' ' : j .1n a storage
regi on W TR T EEIAREE dPocoh St drPRIoplricur LA P BRRYC O an

di scl osuurentibgaased throogh deel track, thé iImoethot! coegutisiny: setkattiaelyi writhty a dat a
storage, deyice,. conprising: the data stor devj ce being formed by

di sposi Hi§ %ﬂfﬁﬁ%\watomtagﬁglpﬂap th%rr@&ﬁlﬁgg S ugm%%r}we@ Heledgebunnel
barrier is OxI m t : [ ' etic film
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sel ect i melgpetieabmgnt ihes statagedrdgict withoh the ttdok. dat a regi ons of the

magnetic filmby passing a reading current in the track that crosses with
the data regions. According to a fifth aspect of the present disclosure,

there is proxpesdimiio #RRAMPA Bf tHEpdsBat aagaegaré?itﬁer%nsgr&ﬁa@d st orage

device, conprising:” a tunnel junction fornmed by disposing an insulating
tunnel bethodef feagling adatgpbidonre dstatsiomgectavices @osprisimgit t er ned magneti ¢
filmthat defin a.plurality of. at a i,ons for storin ata: a reading
el enent -t hat ediaa s devinhSring fdited B EREPseta Ririe heBh Malyl ons. o
the magreidnspiddddf &Y inkaRtihgquind| SREHiedager, ri:eEFoxirﬂity e aldoRfgliofdincti on
ghrough the data regions. According to a sixth aspect of the present

cdi scl osunpattarned enagngicdVindbat defingsta phraity gé data/fegionsoiopstasingg: an
‘~unpatte{j d g@gneti c filmconprising data regions or storing data;, a
track q%@o? in proximty to the magnetic film wherein the track

sel ectively ggbtmesy fecilid tabdSamiosetedindhBRidia YWedibas 8fthe magnetic

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 oh 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 prluratity of
data regions for storing data; _

a reading element that selectively reads thé data bit stored in the data

g 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 magneﬁc 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.



wherein a data bit is selectively stored in one of the data regions of the
.magnetic film wusing a fringing field of the nagnetic domain wall in the
track to selectively change a direction of a magnetic nonent in the data
region. 6 According to a seventh aspect of the present disclosure, there
Is provided a data storage device conprising: an unpatterned magnetic
filmconprisj : ral. f i . ciiyeky storing data
bi t5: a ur i t IS Grsrull aePRbeotl Re lisqaR B e el B\ 1 o
def i ni ngravidesha tibebsteraggdetice cdmprisimgnal | ; and wherein a data bit is
selectively witten in one of the data regions of the magnetic film by
shifting the2htfRatemedoRagnetwiim 'P(H“PH%’“graaE'k'r%lltbﬂf;d%WefengT‘tsvaf
directi : i .eighth aspect . of the present disclosure, there
is pr owQ ‘38“"%3’?320?'5‘53’%5&?5’35’ devi ce conprising: an unpatterned nagnetic
filmfor stoamngindetackbdissoset i grbuinaityl toythefmalgnetic filegioodsfiniag a nsul ati on
| ayer tg?,]t_t covers at |east sope of the data regions; a reading track
di sposetNiltAblgBagnRsYs demainwa tic filmfor defining a shiftable
magneti ¢ dongj Ll 3 - L@rggg;ﬁ Wy 144 i ghetic
film for pgg’}s‘?%égﬁg dartéa? iﬁ%gc@ucgpee]ﬁt; an Hv%%r@irtﬁéadgééa%%dlg?% Bgtth%?ed i n one
of the dagaetiefinvby shifting ftk hagskti¢ donwin hall indlys &bk attmgedne ofawo i n t he
track in proximty to the data region in which the data bit is stored,
and by ﬁir‘ég‘glﬁ’ln?ng a corresponding variation in the reading current that
results fromthe shifting of the magnetic domain wall. The present
' ?i sclosure presents a systemand an associated nmethod (collectively
cteferred to Aecaidingto an highdlysspent obithe presept disslusussdherd'ip rovided

a data storage device comprising:

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

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

- areading _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 readh by shifting the

magnetic domain wall in the track in proximity to the data region in which the

S

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 fdr 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-
paiterned magnetic film. Data is read from the unpatterned magnetic film using

magnetic tunneling junctions (MTJs). The magnetic film is the storage layer.



storing digital information in an un-patterned nmagnetic film the data
storage layer, in a solid state device with no noving parts. The present
system provi des a global nmethod for witing to and reading from an
unpatterned magnetic film Briefly, the present systemuses the inherent,
natural properties of the domain walls in ferromagnetic or ferrimagnetic
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(MIJs) . pitbereretret iof nidy he bseriee of UcaBEnl@yesectibnEhehighgrehice fil m may be
a single continuous layer within which nultiple data bits are stored or
may be §0BEGYQS With gns@vethieiuous sections which are not contiguous with
one another. The magnetic filmmay be conprised of a single nmagnetic |ayer
or may be conprised of nultiple magnetic |ayers which nmay be separated by
non- ferromaghetrnagisgaciim naydyesconiprised of ansinglec orgghietie dayadr ormganet i ¢
materials simlar to those used in nagnetic nedia in conventional
magnet i g . [ SH'Ti ci ent
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by cur r SHYES FRRSEBRURFULERISTENS DBYe RHIEEN! fHAGEC cYSiRhnRARARRGLE. 11 el ds,
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ener ated at ndary bétween two nagnetic domain wa I A magnetic

Strac ks thmrpral fedtuationagites meanisrtbat thecaagoketinfigdexéauited toochdngenthgnet i c
film Associated with each domain wall. are | arge netic fringing fields.

The " doRapneRan of dutstuTap e B RS R e BB R KR PeR S Tect | on
to anophsidédb cORBRR pas iRy @{rb@gffh h@alabdy@ﬁilﬁés.smﬁéée &PgeLmaBgREgHdi ng on the
nature of the domain wall, very Targe dipolar fringing fiélds can emanate
f r om t héeldgohewaverican berﬂ@lefmf veinpgdhe doofaimmptidtingingdigdd ns i s used to
write t Beﬂgnta?ed at the boundary between two magnetic domain walls in magnetic

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

‘ Associated with eaoh'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 walt
change the direction of the magnetic moment in a localized storage reg'i'on'

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 prdvide 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.



storage regions in the magnetic film Wen the domain wall is noved cl ose
to the nmagnetic film the data storage |layer, the large fields of the
domain wall change the direction of the magnetic nonent in a |ocalized
storage region wthin the storage |layer, effectively "witing"” a bit to
the storage layer. An inportant characteristic of domain wall fringing

dormi n el | iR 0E e edied GEfe ARyl R L BaTo Rk R R G y
| ocal i zathgmedc l®/ege withanaghétid switeling Raldscaischeral iRslisaimdadeadtdd’. space by
nmovi ng or controlli nggthe position of the domain wall wthin a magnetic

entity dbemagnitudefibe finginadrldsrdraps sapiglymith distans termdhedlomain he

domai n I i ' t mghet. ¢l aye ith magnetic
sui tcni T CBh IR, SR REoh e a6 gle WER ARG Lo M of he

f ri ngi ngofitr@ledisinanagseticapacksyorwirds Ricataniagrbkiaityt thethe enad meticii, -
Consequent |y, application of the domain wall fringing fields can be
cont r ol PEYaTHN distancerqidie wiie fipmdbe rarigtialdvhesypdnarivis te et he

magnet i j ' i st:ance gf T, . i al
whose peipadtoy e dGENT ol BE.dhg HERE Bnd by Evifl e HEARS MR “ana by
novi ng theewilerain wall along the wire. In the present system the
magneti c storage regions within the storage |layer are witten by using

the fringing fields frommagnetic domain walls in neighboring nmagnetic

tracks conpr s st fdih, ttﬂ'ﬁgﬁﬁgnéﬂft%t%f i RYiGHLwiihaHefosbgse o the

gnetic storage ere gnetic storage regions are ,
~ Wi t t enlayenatéheritian éyamsing gteafrieginghfeide rmmmagagtibdopaikedlisimy from the

st | in th | fficiently f f nth f f the st
Cayer  PRGBPRRT pradisthgrackaicamir el maSlietiEes HECSPHIEPtA™ he stor age

layer. BRRIGHOBRIE tY@hd PRl AFRIGAgE TaydHviherstBe HiQRb &tSage r.@lgiohﬁe. o
magnetic region, across the magnétic region (and close to thisS region) to
t he ot hate i lewsittent Incthgiquieseent state.i thg domeainagrat be padgideaway fremcur r ent
flow ngth_tehsft(c))ya%% Iwgr i 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 Writihg the magnetic region. Thé 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.

[n one embodiment, each magnetic region within the storage layer has
an associated magnetic wire which is connected to a transistor so that an
individual mégnetic 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.

[n another embodiment the magnetic wires associated with each

magnetic storage region are connected together in series such that domain
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controls the novenent of the domain wall, and consequently controls the
witing of the nmagnetic regions within the magnetic storage |ayer. In one
enbodi ment, each magnetic region within the storage |ayer has an

associ ated magnetic wire which is connected to a transistor so that an

I ndi vi dual nmagnetic region is switched by passing a current through the

associ a ' ] : Toyaly 'ﬁp&;@iqji ﬁ@r[r@ l, and its
associ a%‘%ﬂs %% ﬂleg ‘Wrﬂl{ %Jlilﬁ&dh%\hgflé?g%gﬁsarer%uent thte e né\'g%égﬂlhg region is
wr i t t enstobege retiiog. By hating matinetictwicss athevedambelomatHe storageviagef heft to
right or right to left) the nagnetic region is_witten |n one direction
or the 8elgefed AgRRA Freions sy FRRY atgaentiagiien PEdomaEswaldinginged wi t h
each ted (R=Yol! [ R Sk A such t hat
o n T B g A B Lo B PR B8 St her
acr oss sélectest regayes aregicbmwritBy. havi ng magnetic w res above and bel ow t he
storage |layer a selected magnetic region is witten by a conbination of
domain wall fringing fields fromthe wi res above and bel ow t he chosen
magnet i ¢ 1 eOiAB mIdiRtRAiy or e Sidtas Rl RandeSodiftiniblis L ben.  The magnet i c
filmor data storage |ayer can be conti'nuous, or, alternatively, it can
be conpaitemwatiotly sitrahih e apsgypriseidoosseallen magriwdic sacionsthatesatiojuous wit h
one another. Thesg snall e{h netic sections gan, yar in size, .from
section%o'?tﬁ?é‘[ouér"é'ﬁEB”%HQP A h YA T AR BT SF ‘6’5% EOrVaY SEFe: nunber
_ _Of dat fioff HABASs HRAH HBSh: srAbl] tHE Yh&iAEbrRginl g enenera kil s@nbat ff a series
f magnetic data storage regions associated Wth one or nore witing -
~tracks. data storagsf regians).corsbey rentbe large enaigit ioccadainiaseties euf fici ent |y
~large such t.hat. the data storage region. (or i ..does not extend to
t he “edoleagpit Abtd BEERELAIR SR clrigh B e o MR B e detal | e
nor phol ogy and shape of the edges of the section do not influence the
magni t ude of the magnetic fields required to wite the ma?net i c-region or
regi ons wit hima prefeged arapediment the saagnetic section is sufficiently Targe such

that the data storage region (or regions) does not extend to the edges or the
boundary of the magnetic séction, 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 resuilt,
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

S

storage regions are not localized in small nano-patterned magnetic elements of
a particular shapé 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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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 |ayer.
Simlarly, the data storage regions are not localized in snal

nano- patterned nmagnetic el enents of a particular shape and size, but they

are rather sinply.regions w.thin n- erned, . and ot herw se
nomogenbEUs SRS & SRt dom BRet Bl BBt Fr e GO Bt S wi ¢ n

t he magRignetit WirgsamRisCA RN o? Bhl MRAM efdrica@hdiievd@iuctighdrg el ement. One
advant age of an enbodi ment. of the present disclosure conpared to

convent fengifiesthan igasisgivie wWithiaeaventienal ickpss-peigtifle®ianso write the magnetic
regions in the unpatterned magnetic data storage layer is influenced only
by the nmagnetic properties of this |layer and not by the detail ed physi cal
structure of a nanopatterned magnetic elenent. Furthernore, the use of
domain wall fringing fields in nmagnetic witing elenents may all ow nuch
hi gher | ocal nagnetic fields 8b than are possible to generate from

el ectrical currents passing through non- nmagnetic wires. This allows for
an MRAM t hat can achi eve nuch higher densities than is possible with
conventional cross-point designs. 8c BRI EF DESCRI PTI ON OF THE DRAW NGS The
various features of the present invention and the manner of attaining them -
will be described in greater detail with reference to the follow ng
description, clainms, and draw ngs, wherein reference nunerals are reused,

-$here appropriate, to indicate a correspondence between the referenced

ens, and wherein: FIG 1 is conprised of FIGS. 1A, 1 B, 1C, 1 D, and 1

~E, and illustrates various enbodinents of a magnetic nenory device

according to the present invention; FIG 2 is conprised of FIGS. 2A, 2B,
and 2C, and schematically illustrates expanded views of one data bit and
its corresponding witing and readi ng structure

8c



~ _conprise

as utilized by the magnetic nenory device of FIG 1; FIG 3 is conprised
of FIGS. 3A, 3B, and 3C, and represents a schematic diagramand two
graphs illustrating domain wall fringing fields of the magnetic nenory
device of FIG 1; FIG 4 is a process flow chart illustrating a nmethod of
operation of witing to the magnetic nenory device of FIG 1; } FIG 5 is
conpri seBRIEFADESCRIRTIONIOFIEIE BRAWINGENd 5F, and illustrates the
process of witing to the magnetic nmenory device of FIG 1; FIG 6 is
conprised of FIGS. 6A and 613, and represents a configuration of an

At e At ver R oaAb R Moy Blos! LI END RN oRE (O ARRRSE LhaFIPLTeY, oF

of FI G 1, using netic or ferrimagnetl c nat FI G

7 represefl beajecs@ﬂbe@m gid ey dﬁtaiamtalrmrr@aie metherfbmﬂmﬁgrdeschpmctm alifs, ng
device of the magnetic nenory device of FIG 1, using nultiple types of

f er r omagdd Gavingse whefeigiefarencmbenels ae Fﬁfl@edBWIh@fﬁ aBeippsiate, to
conti gurwlg&&a“ cGh8k de%'céﬁareg@%ﬁ’@ eFS‘P&%hEB@‘geH}s %HS vaé Ling device of

t he magneti nory-device "0 using Irn I ons or "alternatively
protuberances) in a track of ferromagnetic or ferrlnagnetlc material; FIG

9 is a process flow chart illustrating a net operatlon of readi ng

data from Fle fgenpidsaseio iz e d&. IC. IﬂIQ’lanﬂ 1ﬁ:|it§d 'fL@)Stf%teﬁb’ﬁﬁW%ed of
o Vel e BN rhddribth Al S g AEERBIrAo thERfQBy ikAibhom | he

magneti c nenory device I'S CO r|se 1A, 11B,
and 110, and |IIustrates different materials that can be used in the

ol Soram 116 This s e T Se R A e acalth Tosb ot Fng
and readi ?Eéé%gﬁev&f oft dife rtﬁitéﬁd ﬁ?gﬁf%sﬁ%éhﬁ@mﬁiﬁn Lfd réadi’ﬁg%tru%ﬂes

13A and B, and ustrates an alfternativ
as utilized by the magnet:c memory device of FIG. 1;

- FIG. 3 is comprised of FIGS. 3A, 3B, and 3‘C, 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 cbnﬁgurétion of an alternative embodiment of the writing
device of the magnetic memory device of FIG. 1, using multiple types of

ferronﬁagnetic or ferrimagnetic material;



~sensitive t

B RSP LBLRIT: M HhRIRYG) &l P Lo RENBr

enbodi nent. of the magneti.c menory device. of FIG 1 using individually
controlled registers to wite to the magnetic film FIG 14 is conprised
of FIGS, 14A and 14B, and .illustrates an enbodi nent of the nagnetic
menory device of FIG 13; and FIG 15 is conprised of FIGS. 15A and 15B,
and illustrates another enbodi nent of the magnetic nenory device of FIG
13. 10 DETARIGDSDESERERE ONoRFgRREGERRER-EMBAR:MANTS SABMEH rﬁ%?kqé\@ﬁ%
architectuyres involve the use of discrete nmagnetic nenory elenents Wt
par ti cul afe\¥¢RpEtEMgNg|C Mrimonrdevida piogiGphiusild indpatatiensddr Aernafiesly

exanpl e, WSO, | | 1 gal.and/ or electron beam |ithography and
etching. "~ Typi cgh?éﬁ P %@é%ﬂ%ﬁ?n@%@ﬁt% ferimg 'iCdH?E’d‘%bn top of

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

i nt errogat i RSt Hés Aagaeasscliomwsbay ilbistrating s mettextotopaatientos redding aaned
first, typi j l.icon fers, hen the nmagnetic nenory el enents
are fabrif?:%rﬁ&e}b‘%ﬁ%}‘aeﬂcyfhévwvﬁgwcagﬁﬂ@ti ng a continuous filmacross the

waf er which conprises. the magnetic nenory elenment.. The filmis then
| it hographicall i@pat-t erned into magnetic nmenory devices of a particular

and wel | dEIPneR iseriperiser of F &S wHiA Andrid@ B langribustvatey tr priceel wfwi t h

W res or i i t these el enents t e, underlying electronic

corrponentrsééﬁg%tﬁgconi%g;ﬁ%rg e&f%eé“a%@ff"é%? ng{(gdLm top of the patterned

magnetic menory elenents to provide the final electrical connections to

these el ene }C;.ﬁ'ypi cally, the éerformance of the magnetic nenory is very
th

FetANPEEd AhPEntl A 8, aswd t He, and)ilesiratesetifergnel ement s

~very wel IFIGofitrol | ed. This becones increasingly, difficult as the size of -

-the elements is shrunk to allow for ever high nmenory storage capacities.

FIG 1A illustrates an exenplary high-level architecture of a magnetic
menory - FIG. 12is a diagram illustrating the usé 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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device 1
magneti c
| ocati on
magneti c
st orage

00 conprising an unpatterned, continuous magnetic film 10A. The
data storage |ayer 10A is unstructured and does not specify t

he

of each data bit, allowing very dense witing of data to this"

film As used herein, the term"patterned" indicates that the
| ayer is conprised of a series of sections, each of which is

suf fi ci enpBTAIREREDES CRAPTIORIGE PREFERRED EMEOBMENTY that conprises a

magneti c
section

signific
term"un
contiguo
sections

region within thne nagnetic storage fayer. Tm 11 addition, each
is sufficiently large that the edges of this section do not

B A e o P 58 D PUSErEL0
UBlenffs Mﬂg\ea g?ﬁﬁ}ﬂa‘?fsgﬁée ra%@%li@t Hat Bid ﬁthoﬁ?&ﬁh%dﬁ?i}ﬁ&@%éﬂﬂ'ﬁy,??cﬁ
e s circular,

that can any I rabl e shape, suc

The

el i pti cabxamepl, a:ngvem}onakqpﬁﬂaﬂ,andr‘ ot elepeanbdam lithBatabey zed «stekihgons can -

al so be
bits. Th
(also }

i's conpr

h to corrprlse one nore rows or ,columms of data

|
e‘hfrﬂ'@ﬂ@\f %%W&mpfaé?\ﬁfe@ntf@fES@quaz%% op taRPf BYCTerelgplrenifg devi c
r E&%bbﬁgnfgosﬁﬁ{ 8t ﬂfaﬁ§|s 'sta'nggzaﬁg @i&%h 2B ol Sirtlird Wﬁ%hdgr\é' f&d

ised of many tracks ma magnetlc wre

es
0

r epr esent &u thy puggpsesiof readiogswetioh aad interraghin@the Bagnabc rrszﬁnoﬂ]i‘@emre@(sks

are conp
from one
along th

rised of magnetic domains wherein the magnetization alternates
direction of magneti zation to the opposite direction preferab

e tryess donfiBritnes: Q%rﬁeﬁcﬁréth?ypﬂ?&?ﬂ@/ onfSlicWRRSE Sarfl then the

iyl lustration only, the magnetic donmins in neighboring tracks are shown

and may

‘the wit

4

magneti c

above th

and 40 are al so

AP AR 258k e ke e B L
| thgndevograpRalhppaitématagtddphinaiomenting dbeicewof B idnsr Shd e

Iy

to

Pe opposﬂtﬁgmﬁtlﬂﬁ@ﬁmf‘yzﬁé@rneﬁtﬁr@ fabAcatet, iusualpdydirsotepdsiing & enpliiars of
‘magnetic

ed
A,

film1l OA. For sinplicity of reference, -exenplary tracks 25 and
30 are al 99fnadshaneand sizpevhich ak aligias vary ackais ek wdiseireh ey viasevhidtat ed

erre to here

St ?trﬁags teﬂ@m H@fﬁ%b%r{o‘elrlmng; e%ttro%s%&ﬁbbxen_t?(e mplary tr acl_;s

Finally, vias and wires are fabricated on top of the patterned magnetic memory

35

elements to provide the final electrical connections to these elements. Typically, the

performance of the magnetic memory is very sensitive to the detaiied'shape and size -

of the magnetic memory elements and to their precise placement with respect to the
circuitry above and below these elements. Thus, the shape and size of the elements
must be very well coritrolled. This becomes. Encreaéihgly_diﬁicult as the size of the

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 layer 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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e T

F)

as | ower tracks because they are | ocated bel ow the plane of the magnetic
film10A It should be clear that the terns "upper" and "l ower" are not
used herein as limting ternms but rather for illustration purposes only..
In this exenplary enbodi nent, tracks 25, 30, 35, and 40 are fornmed such
that arch-like bends in the wire al nost touch the magnetic film 10A. Data
is writteadditibe, eshcectioh d @uﬂftcreﬁﬂ?]@é@@ttﬁgt {he dFithis2MBR'R ﬁ&e
arch-1ike bend of a track above e fragnetic fI1 m coil nci ges wth a

ar ch- | i keSigagantly iafluengsktheevting nedakeagitst fochd stoned tHe2eihe magnet i c f| | m
-10A is coated with a thin insulating layer 15A on its top surface and a
generally simlar, thin insulating layer on its bottom surface. Preferably
one or ot he‘rhw@enb@ﬁ 0 nne

barri er conponent of ?aﬁ%ﬁgﬁt@ﬁgbﬁ n@mcjagenécﬁég{nh%f%{?y Irégé gcogﬁ';gfzoug
readi ng t9erdbaegagiof stsagadatdbits Pattehed fegiers &8Acchons ml(ﬁn Bof any
materlal s _the magnetic the witing elenent 20, ‘and
i s made duf |"{?§H% %%ap&r Seglggscﬂ’rcfj%r ?%@%‘Fﬁre{cff?é‘%néwﬁfef Pr frepozeidel. t he
witing ePstt@nbd 2@ctidr rrent is
passed through a ferrorrﬂEzatég;Hnglislaciﬁ:prrﬂg'tr%le %é{%@jgﬁ% nggwhg%ﬁ rxg"%nm%" r| sed of -
spi n-up M@Bﬁ@fd@tﬁb@ ectrons; becones spin-polarized because t he

el ectrical conductivity of the spin-up-and spi n-down el ectrons can be
quite different in magnetic netals. Wen spin polarized el ectrons (which,

by definiti ohetmayaiticiriernbpy d@ﬂ@@ﬁ'ﬂ%t#kég%tée?@sto‘?v&rﬂﬁ C&g\ffe%t ?alfc{]e passed :

ﬁomaflrt5|deofamagnet|c dommin wall toits otH

~current HE "Oé“rﬁrﬁ'nrﬁﬂ wiliingelament) 80 @belvﬂﬁlngldmg:GIMis compasedof Bfany

* t the d | d
- ohectrond A RE el bR ity B e 3R et B ogpRe bRy Such as
‘magnet | zémckﬂﬂlSeBDa:BS ot0. t Meeseamkadcarei dienmisddns M@éjﬁeﬂ@'ﬁcﬁﬂaﬁ% b

magneti c m)rre ﬁa e second side of the wall to rotate, ere y i hduci ng
the magh&y¥E GB torefes Bomone fihestinn o magretation to fiee s:ppnsmml ari zed

el ect r onsgiiretti®n prefbrab RRSK 3 gl LGehion, for
on] Dy irektis pg refdr ze‘bﬁoﬁg IIa‘Ekg'f:roﬂ?BhQQioﬁ% A kbth%%eﬁ For purposes of
-~ illustration only, the magnetic domalns in neighboring tracks are shown to be
opposxte!y magnetlzed 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 e!ement

In FIG.1A, the writing device 20 is situated both above and belrow_the plane of the
J magnetic film 10A: For simplicity of reference, exemplary tracks 25 and 30 are also
o 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 fimiting

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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When the current is passed in the reverse direction the domain walls w |
al so nove in the opposite direction. As current is passed along the
tracks (i.e., track 25 and track 35) of the witing device 20, the
domains in the tracks are noved to the left or to the right, depending on
the direction of the current. As the domains nove, the fringing fields

fromthe dgmeimayRdcshim ﬂ@ﬂ id Bodtea vﬂﬂfg@%ﬁih%sfﬂlétrﬂgha% 15%%&9’[3&'66 étfr?a‘élés

each of the fringing fields associated each doimai n wal

writing. amﬂ/\e\@@merailyesmleir dhiofinguiating }ayagongtsfhoéﬂoﬂssuriaaﬂwd%mfemb@hom@at
data is (ﬁbwrlt adata]bgt 45 unles %éng f|eId|n he
upper tr atRe2ESP O ﬁhﬁéa RNV e W@V i ”i”ﬁ %E’POHPF‘EE a35

appl i ed trﬁaéﬁ@h@ﬁ!ﬁ%eﬂﬁh@h@h tfor"tﬁe p'u?p@e(%f%edméefhbrﬁﬁg%f%édéﬁ% thomal n

series of domain walls regularly spaced along the tracks wt

wal | s forlager 88At he boundari es between regions of the tracks nagnetlzed
in opposite directions along the track. It should be understood that the
dormain wall s do not necessarily need to be regularly spaced apart. In FIG

1A, the donpimin¥abklisg AfResfoMrdundsge rmébﬂ&%‘%’%ﬁ o3t %@th’%%ﬁt]ﬁﬁ% eldMgantar e

not witing-to the hagnetic storage fil } The operation o he witing
devi ce 2@G,and Ismadadem@jha procetes af faémcatlagmtm&gmagnetut:ﬂ@ 12 anEItES. 2A,

2B, -20) .. The iti lce 20 ri sed ferromagnetic tracks or
wires suchmHng &fe rg%Oaf&i qm%%@%%g%@‘)%‘%c"é@ in proximty to the
magnetic film 10A. The wire 25 and wire 35 are brought in closer proximty
tjio the. film 10A by the. arch-like bends in the wires. As illustrated for

cexenpl ary pW¥hsasurmeneist m&seﬁstbmxghca tarerkagmetiooneiahihe sedent, which is

Tragnet i 2 &SR EEEHY B B PRl AR PR Cd beTRlne bt o

a pl ur al idlgctriohl cirevessitwer mgrmmap%hd%plmwnaéié@trmm{ bégdlté QifeAsht e
-directions along the track. These nagnetic donmi ns, 205 and 210, and, ‘215

and 220, faégwﬁé: enstalsn When ﬁemzazéﬂrm elgpirony pvichdyygaimition travel in the

opposite direction to the current) are passed from.a first side of a magnetic.domain -
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
oppositely magnétized‘_materiai on the second side df 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
S 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, {he fringing fields from the
donjai'n walls write to the magnetic film 10A. Along the tracks, each of the fringing
tields 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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The magneti zation directions of the domains 205 and 210, and, 215 and 220
are set during an initialization of the nenory device. The initialization
stage needs to be carried out only once, after the nmenory has been
fabricated and before the operation of the nenory device. This is
acconplished by the detailed design of the magnetic tracks and by, for

exanpl e, fapping ffdd irfir@ey afdrdl o BB D i i he o I ,sequence.
The initial gstgat e of theﬁ%@rracks caln al S%ﬁ%@hﬁﬂgﬁgglfﬁgﬂﬂg ﬂ%@ﬁﬁﬁ%é‘?‘f"%b
magnet i ¢ r3fandd Appliecdin thesamelsatsfbit 48. tracks, for exanple, from magnetic

regi ons whose magnetization can readily be rotated fromone direction to
the other in magnetic 14 fields smaller than those which are required to

change the IREMBYIAC 115 BhekLhrd : m@ ! ; S petic .
regions may, for exanple, be wé]ﬁ)e“{ﬁ Mgnl%s%%e r%aérﬁémsvmger%?ﬂ%%mﬁgc

swi t chi ngalengthe backmwitbtherdgmeti walié feme atrtbgitoPdades beRRa regions of
appr oxi Ly pnversely with thejir width. Once a magnetic domain’is

i nj ect egqhﬁtt%’c%‘ﬁ@%ﬂ%é?ﬂén GBRES ¢ Wfﬁésmth%ﬂr@% lh shewldbeounadstodsy
passi ng ahsutheeBm#Hveflsi dd Aot ' i uene Qoﬁf?gﬂo Lo, val |
injection and current puSI se Pnﬁ%gggéﬁlgnﬁéﬁ/a re%ou?aler@ns,epag%g CE‘B]%@?'
domai n walA, dhe dantsin estlalsire shednah trajr gaiebcéntastite dbat tHeg dragRiirfling to
domai ns tﬁgﬁaﬁ}e%n iet ug.ll n-the tracks, they are subsequently noved only
by passing AtO"AHFUGh the tracks for the purposes of witing data
bits to the magnetic storage film Wth specific reference to FIG 2B, a
fiirst domain wall 225 is associated with fringing field 235, and a second

~domai n wal | TR8@reEatigasddhavetingidevider 20 igstrateti byZHe detalbendramirysoh the

+ Ldomain S _ ) wWisting device 20 pass the region (also
“refer r'eﬁldg' %3,25%?29 %é%iB’g%()?)t'gﬁ‘@s‘%@f”q &e‘f’ﬁ% 2@5(@[98 peised chferonagmetiq ar ge
“magnet i ¢ tratkelod wirge msaichng K@ W5t WRaBEhYuEY/

28cd h ' in W th
that emanating fromthe magnetic domai n wal l ez’%o %(% tﬁggwgﬁ ntgl@dev.i ce 20
are conbi RS TWRa e Theawike 26iang wire 35daredrolight inrcldsee pdatmity égities film

Wi thin t ReATome!drenHhe RARs i B dirk%:

As illustrated for exemplary p’urposes', the ferromagnetic track 25 is comprised of
a plurality of successive domains, such as exemplary domains 205 and 210,
magnetized lin ‘opposite directions. Ferromagnetic track 35 is comprised of a plurality
of successive domains 215, 220, also magnetized in opposite directioris along the -
track. Thesé magnetic domains, 205 and 210, and, 215 and 220 ‘deﬁhe domain

) walls 225 and 230, there between.

The magné{ization 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 méhow has been fabricated and before the
operation of the memory device. This is accomplished by the detailed design of the

magnetic fracks and by, for example,-app!ying 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

14



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

sel ectively changes the direction of the magnetic nonent of a data bit 45
in the magnetic film 10A. In the present illustration, the nagnitudes of
the fringing fields 235 and 240, applied to the nmagnetic storage film
10A, decrease rapidly outside the region around the respective donain

wal |'s 22 i film1
Oh Thus PRRG alsn UFir s Inikh ey odyied BRHretle Modiblic SEREMHE, | ¢ 205
and 230 traeks themesebd. oT ipeswy ignatibirgdibys hegafirzednarid, baniperiignéis ¢
field to the magnetic storage film1l QA allowing the witing of a small
magnet i cUPEE BACASGMaAgnelieHvitchngnald of P?fifﬁWfDﬂgnﬁ‘tl*FeWHﬁ@ AT fagiRNOf t he

fringingg \E&%Egﬁg%ﬁpcan %féq%?r%lré ?v@)‘x tb&go hvvrl ting device 20 to the

magnetic frim ontr rolling the relative |ocation

~of the domain walls 225 and 230 in the witing device 20. In addition, the

| ocation of the domain wall 225 is controlled by applying a current 250
al ong trackones a@a@nﬁﬁmcipmﬁWésura@gtfeﬂdwodhetwe MaRdNaY bgangued

The. dormEntA FaBELEWIE B SHdREh ERenfhaRd hbAne iRk A7 uSRBMdLdE UC
current soﬁdﬁtﬁmamﬂwﬁﬁwedft&sp@m buﬁbm ptﬂié mdut:bd daintaih wallrbti@n .a Sdgieniceac kS

25 and 35, as shown in FIGS: 2A a 2C, have notches on either side of the
arch shaBedPmag Waks £F#n pﬁ@@a@fﬁa@fé@qr&e@%trﬁalf feres ther mpgRetisyderpains

05! t O”Ra\ﬂé bEAS sefQIM fhé"ﬁb& 4 pﬁ%s@hﬁgﬂ%@b@%n&@?géﬁéa Iing.

e wite operation, d 255,

ring t
,4 e appbluremtsdhltdn@hrttaepbmver 'thleamkpoﬁs afinalritdy détashifs fodhe ntagnedjoi: t ude
_;a-,.and terrpor al Hur ation that -the correspondi ng domain walls 235 and 240 are
‘moved froff
"to a second notched position on the other side of the arched shaped
-region. During the notion of the domain wal | s between the notched-

We!""hot ched position on one side of the arched shaped region

posi ti ons tWith gpaeifin refraencee ndlG. 178, fitskdenatredataghds pesdaiatag iy f i eI ds )
are br ou]gmtgmcd a8 2t3% ERS a@g&%tol Somain wall 230 is associated with fringing field 240: 7

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 ddmain 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

T 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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iy

storage filmso that the nagnetic storage filmis subjected to a | arge and
localized magnetic field sufficient to set the nmagnetization direction of
the small nmagnetic region in one direction or the opposite direction and
so wite a magnetic bit. In FIG 2, the witing of the magnetic region 45
in the magnetic film1 OAis acconplished by the conbination of the

i@l I I he, trac ove the
torage f1] mgHedel 2g o PRt R AN R Bk sahBaliefel BRbeloe Tayer 1oa
In anot heﬁel%rvbddcaftmmtofdﬁetdmmaahmeﬂl@tZ%ﬂahMB@ MOtheSvdgePaRlibshed by the
magnetic fringing field fromonly one domain wall froma single track
ei ther above or below the magnetic storage fhln11 Oﬁ: 1gegn ﬁ;g;egfk t he

uou un- pa
i Honevar 2o e I A RO Pl P s oo b Plpbi"g s eriest 1
B thr oug}BOlalEngttIImkr?&Egr@tmlarl@/I iht@!oéat@q éﬂh@%ﬂlamﬁfalir?@@%cédn‘fr%ll%? b o

conprised o mul tiple sections of magnetic material each distinc .
ongpanotﬁgwl‘ﬁ%@‘éﬁgﬁﬁﬁé5f%@”@ﬂﬁﬁ%ﬁﬁated in FIG 1 B, the nmagnetic film
10B is conprised of a series of approximately circularly (or
elliptically) shaped sections, i.e., 101, 102, 103, wherein a single data

bit nay be AelsbowinialRIGWRCE ttmIdoﬁﬁlaﬁﬁﬁaEF@EM ang 2%@%re1r98ved1 mﬁa8;%W1 e
gned with, each "colum’ i ng

devi ces RO T By cBeg e shend 250, ePmeswamaifiarise btk e Tgear
suf fici enidcks 128 48y 39 &osmcﬂh,gl"ppf Oﬂ?a%%@)ﬁ{hagﬁ nlg):tgqe%o t ha é' é\o??hteran bi t

Eown in FIG 1A Is contal ned vmt I'n one sec¢
The magnét ¢l sbhaped tagiomoin temsemdcksamrhﬁe permosed @R sixiply theeJsRnelfithe

.sections, t hat itin Ids required to witfe the bit are not
~af f ect eddgﬁﬁjﬁ"ﬁg‘/alrag‘?}ﬁq\l\@ﬁyﬁ{ ﬁwgmegﬁemgvn@f the edges of the

“sections 101 102, 103. Thus, the magneti c sections 101, 102, 103 do not .

.heed to be ‘Sr eci sel y aligned with the correspondi ng upper and | ower -

magnet i ¢ t rld@HR0 theswieaeraralipn howramh peises| sush asplisag A50earfdss Gaki on. of

the ”em%}ﬁpﬁ@d’{d:ﬁeméggealvwlrae&s FE3 55 o?sufﬁc:en?magmtude and temporal
duration that the corresponding domain walls 235 and 240-are moved from one
notched‘position on one side ofthe-arched'shape'd region to a second notched

position on the other side of the arched shaped region.

Dunng the motion of the domain walls between the notched posmons 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 7
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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expensi ve than conparable devices. In the enbodinent illustrated herein, a
series of insulating |ayers 15B, correspond in shape to, and are forned
on, the sections 101, 102, 103. However, the layer 15B may al so extend
beyond t he edges of the magnetic sections 101, 102, 103, and nay al so be
continuous, extending fromone section to another section. This extent of
the layer 158: depends on the detailed nethod of fabrication of the
magneti c nenory device 100. Furthernore, the |ayer 15B does not need to be
preci sely ahiFgBedaniteimadecticafinet 04 i$ showsesta cosinl@ls ar@RPun-peéRerrElde | ayer

15B needs only cover the mddle portion of fhe nmagnetic sectio 0

102, 103mta@af:>tlcflmcH%Meéenpaéath@f@"ﬂé@ﬁi@w%»dk@&%?g, G emmpgenmgf@%n?l}% i ng
barrier i (Mo R i LRg ﬁgé/ﬁ!

opti onal {@5%‘%@? g {}%emg%éé{?qssﬁ@es 0 Bﬁ]@u ecﬂEdﬁg%O@?éwiaééx%g. |m;

opt i onal miuitiiké aktthghs! fyesgnetic mbsnid enoh aidtimehibmnenedbanother. | ayer wi thin

a magnetic tunnel junction reading device. However, because the sections
101, 102, 103 contain a single data bit and intersect with only one upper
track and g I Epes gt ; | eetineiaky epqt act
with the m%ﬁe%xgﬁ%g%c%sl [gﬁlégan%aﬁ% |Sg?h{@8ﬁag§§t§ﬁme?omgéﬁ %Wg magngti C
section gaed beapvgimdteiaaicukiripgedeliptieadly) shaped bbotaimsat.es T@iotA2r103,

enbodi ment of the vvritlng_ devi ce 20, wherein th]e nagnetic fil éo S
conpr i se¥hsfein asdrglesiag DippRoRe ﬁﬁie_élt'y‘feWé’&rﬂtéeﬁbu hesey e'%@lnf’emagb elﬁ}é' '
square, Ll q.gg}ﬂus%d aBEﬁ,ag'Hd %ﬁg;ﬁ%d m;&ﬁ&#h&ﬁ%ﬁegné el W yritingtdevices

104, . 105, erein’ a sin It may be selectively witten.

~These sewithionsed@dingl€dmeni@6. are di stributed al ong and aligned with each

"colum" and "row- of witing devices wthin the witing elenment 20. In
t-his enmbodi ment, a series of insulating l|layers 15C, correspond in shape

‘to, and arerHlRaiigns 16981 §LCAIPAS é@ﬁc&eﬂﬁ%ﬂaré@ﬁ) cShtEIn @il onkanhfigetiay out

_described earlier I n connection wth.

] ) G B, the layer 15C nmm
be- i m t bi soriheieanht date bit shayiroim Milter sirenipped withirkee ssctigpotdge in

F;;))éir m1t5 2 ti%gﬁn ”%ﬂg%égné%%,{ 808s ngipélxtegig . 'fH&@éW@C}Q%%%tlhg ﬂlué"gnertipe-
sections, so that 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 sections 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 éeries 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 158 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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.case of.

“biits. Fl &yg3uhELGS.A i : i Tai

BT, FargoP IR o Sfyeiee Bt bask b LR AT 08
“i nvent i oA08RIredigsAbeledvaonmane abamddimthl eaobrcolunm” ragieswtonBiigid abvicwkt h

conti guous between magnetic sections. A corresponding: thin insulating.

- layer may, optionally, be disposed on the underside of the magnetic

sections 104, 105, 106. FIG 1 Dillustrates another enbodi nent of the
writing-device 20; wherein the magnetic film 10D is conprised of a series
of colums, i.e., 107, 108, 109. In this enbodinment, a series of
insul ating |ayers 15D, correspond in shape to, and are fornmed on, the
sections 107, .108, 109. FIG 1 E il|ustrates another enbodi ment of the
writing devi'cdTdal ingHBiBg fayearenawaphenally qoatswihe wEearsideaiing sediafs 01,
seri es ofipgol : % __l.n,thi enmbodi.nment , .a seri es, of
1% 15@“??&%&&!%6&%&1}&#@ lia%éé'ﬁ]%eal%oof(ﬁ%'n%%glmg5’@%‘?{ %W?r‘%’ﬁém

i nsul ating Tayer COrrespo

sect i ons alh@gnéfid turiie? juntloh Fedtlh§ debRee TIONEVERNbScA heWRel J2clibieS10, Q%@’nd
1 E the cqrresponding 1 nsulating |ayers 15D and 15E nay, on the one hand,

be |i ni t 883 ¢PNtaNe aNgledalabittand ierpegl with enly arleosepeasrttadkrartdyond lawes

upper tr d | | i Lm.or Q he other hand,,. be

cont i guoS@égé vvefgwéﬁé'{%ﬁ@ﬁér% @%Tq%!&gﬁgg@%@gﬁt@,ﬁwq W@Qé’eﬂﬁﬁe‘&'o%@ﬂ ARGt be
a thin iisdatiat layer bélwmferotlhetrh@?ﬁavwéeﬁwhf@mh@fm\k@ﬁtrﬁ@f [SOFRARA. N9
magneti c sections. Regardl ess of how the magnetic film 10 is conprised of

smal l er magnetic sections, the sections are sufficiently |arge that they

oi e, Thus. " Chel pureBRaea o anER il o i nhilie LBREK Ah MncTER TRe

det ai | ed nsdpapdicdiith 1AL phadmpyseaf ot heereg of apbrokittateRGcRhgulHR not
nf uernc? @%e ﬁ/rl ting of the individual magnetic bits, contrary to the
allSRolyRY SREPravIOURT AT PRV FItable) shaped seelipns: i.6., S0ér-466,

I'n Conj

which the.tracks of the writing e]enen 20 are caonprised, with two,
rragnetic\en/&h%' s""ﬁ%@ sﬁm%ﬁ}?%g{rhh%@ ofigH; P A&1IEBAE INyiatisgtlaral By
0PPOSI t ScOireSPsNPIPSIRIG, b€ ate Rithiad o e ALEAN 164fbsA3 08! FOW 315,

an

represent a nagnetic nonent, or dipole,

Similarly to the layout described earlier in connection with FIG. 1B, the layer 15C
" may belimited in extent to a region where the upper tracks 25, 30 come in proximity -
to the magnetic éections, 104, 105, 106: Alternatively, the layer 15C may be
contiguous between magnetic sections. A corresponding:thin insulating:!a'y_er may, -

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

aen

y FIG. 1D Hllustrates another embodiment of the writing.device 20, wherein thle '
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, 11 1, 112. In this

embodiment, a s"er_i'es of insulating layers 15E, correspond in shape to, and are
formed on, the sections 110, 111, 112.
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indicate | ocal magnetization directions. The magnetic nonents in domain
305 point to the right, while the magnetic nonents in domain 310 point
to: the left. The domain. wall 320 is the region in which domains 310, 305
of opposite polarity nmeet. The change of mmgnetization between donmai n 305
and domain 310 is concentrated in the small region or domain wall 320,

creating a |la i polar,fringing fie atli fr f the
PRI 8 AL L R A
FIG 3B g&s g aﬁﬂﬂ%fﬂn%w Bl oh@pahil 288 iAREd GPREER] ERleAdiONRI regidiesi on
of , for exanple approxinm e?y 100 nm in the x dinmension. The peak val ues
of the cocpsmerémBypf tHByypmaTdradks @ndtthe nagmegicrfgmforandy Byn tieeotner hgndat ed
in FIG 3C as a function of ouyt-of- IpI %nesdi iti‘nﬁﬁ The fringin fielt . is
al'so | ocat SeRaupUSREyeeR NEINtEANG AiReke-s STORMRE T 15 BRY SF PR 1P4PY A thin
regi on of; Jo'q | I i i i tivge ng field
conponent BB B B o G I e vl |
320, and drop off rapidly with distance fromthe donmain wall 320.

Co tly, the fripging field Bis lacalized and suffjciently. | f
use to  maghageEies hURNAN RIS TR o PO T2 a1 S SRl T egr on.
The detai éﬁ?ﬂigﬁg&@bt BoRddrSP ei'b%guy., Ir'gétﬂhémhe{/ bR8ve PRPEARML Sat@fimEhe

fringing epend on t tail's of the spatial variation of the
magnet i zamagnefiafitth® thednadividushimagd2tc bithe Thiust thetraripbe rdfregips of the

magneti zati on within the domgip.wall depends._qn, the net i .

of Cthe. maAGTRLE SRR bF- LA CRER ShapF encayernouisicot B HbeR P S TEL L
~tracks of g Ret Wilibh&otR eAmR oRfhe iRaRIduelhRigngtic bite, corigngte #at ¢4 of

. (‘magnet-i.c nonment per unit volune); the nmagnetic ani sotropy and the S
"strengt h ednventonaligiBAMs with liadivd L abeatigened azagnedictipragRddis. and wi dt h' of
-the magnetic layer: The fringing field Bis used to wite. magneti.c
regions within the magnetic film 10. Wen the domain wall 320 is noved

“close to angihes (PEEHELA GBEGEY iladtiatbbehd aogeeptiof dogiangs, fdoebain Bralls, ahe
domain wal | 320 changes the direction _%f t he rra-rqneti C. rm]rnggt
: fringing fields, as used in conjunction with the present invention. F I . 3A shows an
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 difections along the x axis..

The arrows, such as arrow 315, represent a magnetic moment, or dipole, and
indicate local magnetization directions. The magnétjc moments in domain 305 point
to the right, while the magnetic moments in domain 310 point to the left. The domain
S wall 320 is the region in which domains 310, 305 of opposite polarity meet. The
| change of magheﬁzatibn 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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s,

in this second magnetic material, effectively "witing" to this nmagnetic
material. This domain wall 320 can be noved within the. magnetic wre of
the magnetic track of the witing elenment 20 by passing a.current through
the magnetic material of the. nmagnetic wire that is perpendicular to the
domain wall 320. The nagnetic nonent direction of the domains can be
either along the direction of the magnetic track or perpendicular to the
direction of the magnetic track of the witing elenment 20. For very
narrow t r adkesetitveging diter cetpdhesietB:0ByOhint B SRONSY ihtgh MOIRBNLSIOR!S thL Ong
the track direction. A nmethod 400 of the witing device for wlting data

accor di ngPTainWall 32Rsan dramoBrepidly, withsdistanestfram dbe dp mdie wall @28ss | ow

chart of onsi| j nj,unction wth . Fl 5 (FIGS. 5A, 5B, -
5C). Thecgllé%qu%n\;\l&tl% aﬂﬁé?@sﬂeggg’éiiéﬁ%’éeﬁ&gﬂ&qﬁc'?m&@é@e qu &5§d%ar e shown
in a quimsgeetizepasttondmudriiiie hierargneimal Idatke@WgibAe a wite 20
region 505 (FIG 5A) of the witing device 20 in FIG™5. A request to
wite data is received by the nenory system At block 405 of FIG 4, the

es..t ta_ (.0 or. i whet her, t data.bit 510
ot he maonobie SR PRBRAIE <fRelih Rripbba ol b corGRERNs ol fosdioigbi nt i ng
right (&ield gdepaghent the dORRISIO) 1Y sPatiRIAGAtIcH SORBMaRbibatipg i gfet (a
left magnpetic monent). If, at decision block 410, the data bit 510 is to
be wri t t¥Maifiwafl 820 effhe shefribriien abiverinagneiizatian dthipthededsint wabl ock 415.
AL DL 0ok SreHELRanSIoR A AEL 0k R RS PR Rl b0

d
device 20 I n g the Forral

di rect i oren(jrising the2@Egnatic haicks of the WitthgblEagirit QU@Pa-ﬁTcU@MfoheCU” ent 515.
{Track 520 is |ocated above the.magnetic film 10. | |
appli catm_agn”%}fzagﬁpﬁ &

write 1 agieipOPeRihGundd exédRaePHs SRS hBGhARRBIN MR WigRZ: gL an

OV, € .C n response to the
BR@NsYC momentRg it yadimel 3be ivagnsilserisptigpytand thene

internmedi até position~between tie’ quiescent position i A and t he

- Witing magiwdicleyer.in FIG 5C Concurrently and. in a sinmilar manner, a

current 545 is. applied to a track 540 | ocated bel ow the

The-fringing:field B is used to-write magnetic regions within the magnetic film 10.
When the doméin'wali 320 is moved close to another magnetic material, the large
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 rmagnetic 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 fllustrated by the process flow chart of FIG. 4, considered in conjunction
with FIG. 5 (FIGS. 5A, 5B, 5C). The domain wall and ils associated magnetic fringe

fields are shown in a quiescent position within the'magnetic track outside a write
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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 proximty to the data film 10.- A current
545 is applied to track 540, noving the fringing field 550 within the

dat o i ¢ SR ATR0C 5 O B gl BRice o BN AMCanatieeaRion o

data bit &tejves BahBimémohhgydlesired 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 renoved fromthe region of the data bit 510. The

frinaine fiar b q N . It | q
furtber . douh blask 405 St A vB° rieqeRy 5515 koSielabbe desBi0 o5 158 w1t i ng
devi ce fripahestid @doidsh #ﬂﬂe%ggﬁ@tmﬁais@or‘égﬁiﬁnWi@’ﬂéé’@i{/éagﬁa%@ﬁ .

magnetic film10 for only an instant, or a predetermned peri
that is ®afifantpeimtingsight (a eghbmiheetiatentént) 518 nudgrtetie magret pointingrieft 0.

The magnitude of .fringing,figelds 530 and 5 that, is lied to data bit
510 1 o1 APIERSPIRGHOTRED: b RSRAN Hogk AcRaN 5 S AA LS ap b Hiten

proxi m t ywiio atléfe niRFREE nforpbAt, 398thbl 1400 océddd 8918t a15bit 510 is to be -
witten with a right magnetic noment at decision block 410, nethod 400

proceeds to bl ock 440. At block 440, a current 515 is applied to the

i&i\af e neght PR e A sl pane ahayed & PR RGHn PR et coderpba ™

Mithin t eIGMSA, endvag) e §ORalTE 52B)in tHOPSIvEaitd dtiona®th dikiy 20)Shéhbedd

- -Lmanner, a current 545 is applied to a. track 540 located bel ow the

“magnet i ¢ Y h;diectispalaitad operpentd tulTaack 620 isloraBpiabove thetrmagnetic film
510and' o : i ; C t4ac both in clagse

. proxim tw qéﬁ%%ﬁég égft }F? %ﬁ%{éﬁ,’gﬂc&gr@éﬁ%{‘ ?gig f:}@g'ﬁ gé?%%éﬁdg Oé’EEq%zY‘ﬁﬁ“”

movi ng t Hbefwritagegign 508l (BHGE5CHM thin the wite - region 505. The tip of the
current 545 shows that the current is flowing out of FIG 5D, 5E, 5F. The
magnetic fringe fields 5,60 and 565 wite to the magnetic film 10 (bl ock

FIG. 5B shows the domain wall 525 at an intermediate position between the
quiescent position in FIG. 5A and the writing .pOs;itioh in FIG. 5C. 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, 58, 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.

a The fringing fields 530, 550 may be returned to their prior poéition or moved further
down their respective tracks 520, 540 (block 435).
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450), changing the direction of the magnetization of data bit 510 to point
inthe right direction. Currents 515 and 545 are then applied to tracks
520 and 540, respectively, and the donmins-are. noved away fromthe data
bit 510 (block 435 of FIG 4). In another embodiment of the current

i nvention the tracks 520 and 540 in FIG 5 are fabricated as straight

h . h t t
ot e SR bR Bs ol aR AR B tiifend RN GY al g
when the ﬁh@gﬁéf’c ﬂﬁf'] he f@rr&”uiy RintiRgiaht BH Le&RRterRBSEd PQﬂod bf‘hﬁﬁréetm di ment

shown in FI whi ch hmagnetic regions are witten by a conbl nation
of nagnet$tﬁ°fi¢lr3hhtgx wgteftoéhelsiata binSd éndithe magniedio fitm aﬂﬂ&?hetrhagnlttﬁjea@ﬁ:ept abl e

h d FI G 5, whi ch
Fhe or on-TiE g BRAE BB0 Babard 1Bt besniadr s beii0 Y Ksheiany WhERdhen e
st orage fdidrﬁh?:x\ﬁﬁﬂl)étra&éé%ﬂﬂaﬁﬁ'%‘éﬁlré'lﬂ%rﬂu% ?@t ezr%agh‘étié’%ose 25L& kRS 1pf the

magnetic storage film 10 and the witing dev so that the
fringing field froma single domain wall is not sufficient to change -the

i zati gn, di yecti hin th tic st
i 1 n anduRGA=GrBa RIS BEHBIPN Wtk AaIST] rysdaye mr%eg?gg‘ Geifion bioge
ar ch- shanerd, heaed 400 #368edd REKORRA400APLRER 4&9%%&%%5\0%' i 8Bblled to the

f erromagneti c bl ocks 620. A thin layer or rre
of the féf&%@%a&l&uwmﬁtm BI5., 5B21. ca‘ﬂse thhldlmmaywaillfﬁﬁmedovendﬂmer m ne

t he spaci r c blocks 615, 620 fromthe magnetic film
10. SPnce i’bﬁlfﬂ |ﬁ &bggalggséjnoul d not preferably be in electrical .
c}ont act with the magnetic film 10, (except possibly when the magnetic film

( .is divided into. sections corresponding to one magnetic bit, as shown in
FIGS. 1B and fringjnatfiedd 66O is shiftedauthin Hgowntm@egtm 505 (Rl . fATymCancLmsothat | ng

Sur rouna T SRR Bt GRS S A5 a R PSR et
“wal | 635 magmmahfam 1® driketed gdt@rﬂfcm@ftqur&za @t detPBi 580 RYorl IPat

embodi_nment shown_in FIG 6: may be easier to fabricate |
fﬁ;;e[‘he%ll?a blt e10 track 520 and track 540 are both in c!osYa proximity to the data film 10.

A current 545 is-applied to-track 540, moving the fringing field 565 within the write
region 505.-The tip of the current 545 shows that the current is flowing out of FIG. 5D
5E, 5F. The magnetic fringe fields 560 and 565 write to the magnetic filrn 10 (block.
450), changing the direction of the magnetization of dat—a'bit'51.6 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 fram 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 straightl'wires without any arch-like bends. This méans 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 fie]ds from domains in two tfacks, this is acceptable
although less desirable than in the embodlment 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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enbodi ment shown in FIG 5. In a further enbodi nent, the honbgeneous
ferromagnetic or ferrinagnetic material in the witing device 20C can be
repl aced by i nhonbgeneous ferronagnetic or ferromagnetic material, as
shown in FIG 7. Track 705 of the witing device 20C is constructed of
alternating types of ferromagnetic or ferrinmagnetic materials. For _
exanpl e, blocks 710 and 720 are forned fromone type of magnetic materi al
whi l e bl ocks 715 and 725 are formed of another type. These alternating
types of f eTm@Eméyoﬂhefmagnmm@mg@ fIRE B0 BAd $hé aFNAg deviseesd gralef i ned
regions in which the domains in the track 705 reside in their quiescent
posi t i on. clragenagteatitee frinang §elddrorplaoyiRgleTdmmaindgvaibie nat sutliciepidd changhe

sanme diregtion, t.no.fringing fields.are. applied tq the magnetic
Frim 10" wiish Pioa Rl Ry ReLoh A Hpads RSy Fyp Pk afforslin d6r< I
Witing to the magnetic film10 is carried out by noving the domain walls
along the magnetic track 705 by passing a current along this track. Wen

t he domai n vl@la@ﬂ;mb@ﬁm%teshmh,F|§fy.6a(r5:rb@§c§ﬂ} 68),dhear@vshﬁmd peise
. . o . 4
Cor  esponil saBHES 888,410 SregcSBalin b o fr 08P bt B gnicaa A

740, wher ¢hit Ineyer626k 688 id forskedss Ppfithe fatrémabhéatic preexesis, did m 10. The

track may be designed, for exanple, by having a different wdth in the
proximty of the data region 740, so that the domain wall preferably.

resides int r j ! J e nD t he
o nowat 1 T 4P Rt LR GALDRS 1Re SBACRE o e FllgmBUIGE HRAZ R
- from the 6ROtiong theegiagnetidfilnnd0gBinesltie Whitingnfeaice staakd abt plegerabiyt bagn _
;{de;vi ce 20Cis.showmn in"FIG 7, a simlar |ower track may al so be added. -
Thi s | onePleCHiEak cralpchwith 8¢ Magnetic Atm 48, (airgPreressikbljevigipibe magartic five
uriting Ols dibBedant dabARedflstchdifly Yo 6AE Mt bit e Bnobilia FIE. 9B LRy
gnetic fti-elds 0]

| .Subj ected to a conbi nation of rom donmal n wal | s noved
the writi ig) tegiromlayen 6861 638 heyupplrmaddrdrower insulatikg materiatdiiabmay be

b T R P i

subj ect ednizgnatit il t10,

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.

St

In a further embodiment, the homogeneods ferromagnetic or ferrimagnetic
material in-the writing device 20C can be replaced by inhomogeneous ferromagnetic
or ferromagnetic' material, as shown in F1G. 7. Track 705 of the writing device 20C is -

constructed of aiternating 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 fer'rimagnetic materials serve to cfeatg defined regions in which the -
domains in the track 705 reside in their quiescent position. The magnetic moments
of blocks 710 and 720 are alignéd in the same direction, so that né-fr—inging fields are

applied to the magnetic film 10 when the writing device 20C is in the quiescent state.
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magnetic field. Subsequently, the second domain wall is noved to the
opposite side of the witing region, or is noved across the witing
region 740, without stopping. This nethod may be advantageous so that the
timng of the novenent of the domain walls in the correspondi ng upper and.
| ower tracks is not so critical, as when both the domain walls in the

upper and | pyweinL ttb%ﬁe%ﬁgﬁtﬁqﬂﬁq@%%ﬁé@% v reg’gthé@ aWQﬁstn%ﬁ&gnem
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film 10. ong a
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from t he bdongtitrio Wed ritiel oagione7 40yagreet ittee trabkisll dosé pRximApMHent |y with
10, 24 By adjusting the tinme of arrival of the

h f b h
Ejoﬁt[al nrag?‘ﬁf?@o eé}'mﬁ@ a¥§§§'@@t‘é¥’@ﬂb? FeRigNeg, Tarieegple biehpéngerditerent re f or
which th wite
e nagnerSRARE ARl JrRELLECIRIRY .0 by e LBFAR WD RSP, o

differ entresdeengﬁtr&;poéltlbm |ang|regurteasaiac<tectm@r¢utrleat pueedomdve Waldom#ARay4| and
bel ow |n wall fringing field can be readily varied
ei t her by %% ”Q H8$§H£}§P d19ugssaPhpe o awRe frompieswiilinghiedien. | ayer 10
or by varying the properties of the magnetic material fromwhich the
tracks are fabricated or by varying the shape and size (e.g., thickness
~and wi dt h) Althqugh oriydike nppar tiact betheewitodj devite QOH‘elsrm@mtmcFlGegl ans or

d 710, and 72 b nbi d f t
“marert a ST G hReFE M Ga R Do PR A s o8 el Ggek ey F oPGPRBH ABm an
- al ter nat engrRaBahe Gpfiel @kkR! ThENNIRASHRE 'i!:la't@)‘e 8n. 7f4®n§%'h drAE@UAPRMERL he

_track 705 There. is no need to have a neans prOV| g)dza p! Nni ng
pot ent i athif dﬁgitﬂhés geariedvala cenbisatipy Oémﬂwettfheﬁamgfnem dorhaihwdlB. mdhed

dormi n-uid ™4 @‘@%ﬁ%ééﬂoét%ﬁ@é%ﬁ%ﬁaﬁﬁﬁnfr ear” the hagnetic f11m 10
wi t hout stopping the domain wall.
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
magneti¢ field. Subsequently, the second domain wall is moved to the opposrte 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
J walls in the corresponding upper and lower tracks is not so critical, as when both the
B domain walls in the upper and lower tracks are moved concurrently through the 7

magnetic writing region, without either stoppin’g'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 rﬁagnetie 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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above the bit to be witten. In general, the. track used to provide the
domain walls for witing the magnetic bits into the. magnetic storage
film10 is designed so that the domain walls reside at well defined
positions away fromthe witing positions in their quiescent state. The
positions are defined either by.shaping the wire, for exanple, by formng

not ches, V\AWsﬁjjuétﬁ\gtﬂhéQifM\é oF Brr!v%! §f ﬂh@'ﬂdrﬂanh%l‘é%d f?feﬂr é’ésb%fa’?@& [)r}Hag ﬁ(;g by

protuberances where the track h is increased slightly, m ng
the trackfigldgrthe égfigdh of Himediof fv\émdrnthe crtmgﬂmeeui tielsiremi thbsiomaih whlﬁsﬂeteege
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nmet hod an f fabrication of the t 5 1In addjtion to
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can al so be designed, by using the placenent magnet terial s or
shapi ng t#e siadk g.,Sbickness anﬁwldﬁhﬁmf thevieddkswi | | al so reside at .the

witing position. In the latter case, one current pulse is used to drive
the domain wall fromone of the quiescent state positions to the witing

position anth ansePBALBHIMERL tMhEGnbfic HEAGhS Br bm¥thd 0 aHeBDRaald from

tthe witing position to one of the qui escent state positions (this may be
E: he sane ikiseéandgosned fori peemddnetic nirietdadihne maghetiaredionss? 1 meneéd or
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fil mcan rhpeatdeithgngthodt fHeelfrgdﬂi V@S Sﬁxér@&’é néheet taGlavERY mAYe cpfdvi@Hg a
- position for the domain wal] witing and the other track may. not

have sucHYpgseiediRl foribe dqmmw@él d!@@t'p@é@se die meanets flm kg hbeiveiting
region. idytQe WG HEREREh 119 &4/ g%#grférrﬁé':fl F)? m{?fﬁeosa\;%wl tﬁefdcgrﬁél %alpﬁl%j t]gqins

one of the tracks to drive a 05T on
associated fnngmg field near the magnetic film 10 without stopplng the domam wall

above the bit to be written.

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

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

The embo’diment 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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track: Then, a current pulse in the corresponding track on the other side
of the magnetic" filmnmy be used to drive a domain wall across the
writing position fromone quiescent state to the other. Thus, the
magnetic bit is witten by the conbination of a static field provided by
one domain wall fringing field and a dynam c, or noving donmain wall

fringing fi %ﬂd@ﬁl@ﬁitg%r@éﬂhg%?%k%o"i’ﬂh gﬁenqirﬂganwg Z{lteg %tﬁ%?g@ufghe

result,. nethods of precessi ation
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within the d can _be conplex and can vary significantly as, for

exanpl o, TTRLOEANE RHESSSREIDSIGE o1 167 oined S theowiiin Betiians. ¢ he
spatial distribution of the domain wal |l fringing fields can be optim zed
Jy m cromagnetic nodeling. In particular, depending on these details, the

(SI gn of t heF didheinoreaihie fradksgbmye didbdpwthe ragesit ﬁ@r%ﬂ@ﬂlhﬁ‘éaﬁ Béf domai n

1. tati depend on the direction of notion
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t I t.he dl tributi netization in the
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track... : '

Then, a current pulse in the c_orresponding_ 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 combmahon 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 theopposmg frack.;'‘As'a
) result, methods of precessional rotation of the. magnetization of the magnetic bit 45 -
can be used by first applying, with the domain wall fringing.fields from one'track, a
static magnetic field in one direction and then, using the domain wall fringing fields

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

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

magnetic structure of the track.
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the domain wall fringing field distribution. Thus, the direction of the
magneti zation of the witten bit 45 will depend on the detailed structure
of the witing device 20: Therefore, the direction of the magnetization of
the bit 45 can be designed to be largely along one of the tracks in the
witing device 20,.e.g9., 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 sonme angle to the upper or |ower track direction. The

magneti ¢ matreesalsihQaibRgshHR thét@ﬁé%&%{bt%tiﬁ@WBFiéthﬂﬁithﬁé'oQ}ﬁaim%!?t Ic
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wal | depends on the width of the domain wall and typically increases as

the domain wall is narrowed, it nay be advantageous to form the tracks
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magni tude of the current and the length of the current pulse required to

‘rove the domain walls along the tracks. The higher the nmagnetic

~ani sotropy, C ; gy J re.likely

7o be. o 1o e Alercheriid Ehp BB o Bk B cor R @ il
i mpor t antdevicel 2§ Wilkinduagcd tree disgibiution @f ofadriztization @nthepldrsain vedldi aredtHue
move the domain walls. The ing factgr can be varied by doping. the
magnet i c tﬁ_ﬁtdgmaéﬁl WE‘N&WWWQ&W&?HEHW PNy éﬁ@-seg}q (ﬁ’r‘?ﬁpﬁl@(tg‘%%‘%%‘ret'éﬁm%,
descri bednht Rirlde- biPa% /it dBHEREDN the detailed structure of the writing device 20.

Therefore, the direction of the magnetization of the bit 45 can be designed to be

any

!argely 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 variols magnetic
materials such as Fe, Co, and Ni, and binary and ternary alloys formed from a
combination ofthese-férromagnetic metals, or from a[loys‘fOrmed‘fromone or more
of these elements in combination with other elements 6hosen, for example, for the
purpoées of providing higher magnetic anisotropy. Sinee the magnitude of the -
fringing fields frofn 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 Nialone. 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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6, 452, 240. An inportant advantage of using current pul ses to change the
direction of the nmagnetization of the track by noving domain walls

t hereby, is that current pulses of reasonable nmagnitude can be used to
nove domain walls and so change the nmagnetization direction of regions of
the track even under circunstances where |arge external magnetic fields
are needed eroFﬁchan e t he_magneti zation direction of the track. This is
because t he &Wéﬁgﬁéﬁ'ﬂ@ figlde Wib@lgo b greeased whendhedoagnstizatisnodr y

di fferent I fi r d r i ng
fields. Tw\g]ﬁ%gﬁﬁtstéjrﬁriaag 1éﬁ>f§ f’ @%r aéEﬁl caEN 991@?9%&?858 gcgﬁqrﬁ‘a%ﬂttl?ékg%%ce of
t he magnesilays awmttainiral !af‘gH ammgmtsh@f f& éﬁ& GM IWhiBte hiaGé e @ea dheti-Agoret hod
chosen to fabrl cate the tracks. For exagpBﬁl it may be advantageous to

0

form the Y34ek thabhi-alhackpics ofthe @Fﬁteﬁd n@tibﬁétﬁcélwmelﬂsdmﬂuemihee ion
et chi ng Oﬁaag}ﬁltl‘i@é of R nteatr}%ﬂfgg%ﬁ) ftb%r?PFFﬁFLP |§19 regy Fur t%&gggg mf%t may

al so be advdntageous to rorm

suf f er codemsinomaltikuaiong theerdckbr i cat i on of the tracks. The track may be .
conprised of a single magnetic layer but it may be advantageous to form
the track froma nultiplicity of magnetic |ayers. For exarrpl e, It may be

useful for mal | er. el ectrical - -
28 currents T’?‘% @glﬁw& {J r%@g?ﬂgéﬁgﬁg?é@?% Oq;ur{e{g Huisfc'ﬁ'agﬂ' §ReNEhe
conduct i viehgthi are- Ihneghmr bat Simartyom@aérr@mg RIS W A6 Afacetib fh%‘at&ﬁéﬁg Thi's
WI Il all ow for honbgeneous current distribution across

&r oss- secHRoR@ fn’(” Hepe BQh%@Q%Wd?Hﬁtl&%PH@ﬁﬂt prilye b%qmiegﬁ@rmave thee top

nerenaDERagRe Phe IR Bker BN oY By LRRIIETRRIE BB, <o

- roughnesswit trahe@ens:mrrémeearth setalsats, fanvexagnie otkedcribedrin @ns. geest hh%eﬁt
“the extre@g%%g of the track may allow for a | ower overall current
_through t tel (Qk to nove the domain walls. Smaller currents are
“advant ageous because they will |ower the energy required to nove the
domain walls along the tracks.
An important advantage -of using current pulses to change the direction of the

magnetization of the track by moving domain walls thereby, is-that current pulses of
reasonable magnitude' can be used to move domain walls and so change the
magnetization direction of regions of the track even under circumstanc'-e‘s where "
large external magnetic fields are needed to change the magnetization direction of
the frack. This is because the method of changing the loca! magnetlzatlon direction

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

The tracks may be lithographically fabricated so.that the choice of the magnetic
material forming the track wiil be influenced by the method cﬁosen to fabrieate the:
tracks. For example, it may be advantageous to form Vthe 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 electricai
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- The pinning of domain walls at particular |ocations along the track may be

effected, as shown in track 805 of the witing device 20D in FIG 8 by
introducing indentations (or protuberances) 810, 820, 830 al ong the
track. The indentations (or protuberances) 810, 820, 830 are pl aced
bet ween domai ns 835 and 840, 845 and 850, 855 and 860, respectively.
These indentations (or protuberances) 810, 820, 830Q serve t

y . fix the
regi ons icHITeRk Ehvanidne glsiediiqal cpRdydiivity oidie Baek ?%é@%tér‘ﬁééagg%t“’gmés ener gy

0, L AR g et e, aton

provides a pinning potential for the domain walls. As showmn in FIG 8, the
i ndentations (or protuberances) 810, 820, 830 are on both sides of the
witing el ebistwilliadlow faoan irharepgrngous gurart distubpigibagess Hie gioge-seetion

di d t h i B i 1Ca; Th

ndent at ionee Uegh S Bt herutRht SR He bl Bl iedp Y ERicn SUfRLe PmeTe
i ndent at itep%k. (Fir d}afiploahaniesdin idlisth&y eflpstante saméidkad frerpidel durfanesof
the domain walls in their quiescent states when they are not witing.

| ndent at iabitke frack piun. (o xaiople) im@pohness Bbthesg cewfagedntp theb NBYIREIDIGHET he -

wri ting gﬁ:g%i 'd%ﬁ%iti%% 8% g%&ﬁ%ﬁigﬁio? tid fPacl A6y 1P IEB0RE b98S (Rrent

pr ot uber e present 1 Flustration, rndéntations (or
pr ot uber apaREh tBdIack2d nivw: ead@tainwaB. chmakepcuxénts taye bdvaritagemgnet i c

film10, to fix the placenent of fringing fields 865, .870 8i5that are
fi i X P i gleﬁ i 1I§'@ pat.

Used to wecesse shenwillayretheengiomreauirsghichmane dbe doprainte i s

~applied t <Ctkgack 805, the fringing fields 865 and 870 (for exanple) nove
Lt0 indent1ons 815 and 820, allow ng precision pl-acenent of the fringing

field. In a further . enbodinent, the witing device may be nmade of a

| -conmbi nation_of different ferrqnagnetic or ferri netic materials with
i ndent at i ondNBPIHIBY @BQPM%"?H? ﬁgaﬂ‘S'PH@rr [%?‘FE'BBF:%‘%TQ {'Wotr %ﬂyg ionis

made al O%féc*flfd,ta[]sa%%vrpifn {48 805 bi 18wl 66,80 20D IHIFGIBIHy iRGoBESHG T ons.

The witing of the nmagnetic film 10 is achieved sinply by .noving the

domai n vidhtisntatidns feiprotubsoencese 8 10r B2Qi 4P 2lpay dke tegke The irgrntations (or
protuberances) 810, 820, 830 are placed between domains 835 and 840, 845 and

850, 855 and 860, respectively.

These indentations (or protuberances) 810, 8§20, 830 serve 1o fix the regions in

which the:domains in‘the track:805 reside because the energy of the domailn 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 protubera-nces) may also be placed along the track at the writing.
positions as illustrated in FIG. 8 by the indentations (or protuberances) 815 and 829.
In the present illustration, indentations (or protuberances) 815, 825 are placed in
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magnetic film 10 wi thout ever having the domain walls stationary above and
bel ow the magnetic film 10. The local magnetic fields of the fringing
fields can be very large and can approach the nagnetization of the _
material, 4trM In disk drive magnetic recording wite heads, the maxi mum
achievable field is about 4uM of the magnetic disk material. D sk drive

KS : ke th netization |arger, naking |arger .
reont < S Go  B6°HbB ke dedanttun el 1o
anr L ‘ i
el ds Lo ool aed 4B RR bate CanT B Rt W8 2R e Snietc bttt
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: it [ n and r
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\?\Aatj? h 1)1E %bed(&f’l@? .Pﬂ’éé ggi\'s’iﬁge |sééz;g%3||¥tﬂgl%%dﬁnqq iangogﬁglﬁgﬁ%ﬂé}?ﬁl%f%’ﬂt requi.red

to nove féeomiagrét vafdrsmalgoetc Meiisiaaks wHkhtadeas @apfodberdri@sar ea of
the magnetic material formng the track is decreased. Thus, the nethod Qf

witing magnetic regions using domain wall fringing fields from do(rjrai n
walls is V. LE AV tLg regions, and,
advant ageoﬁ@l@r{&sca eEO&W?W E%gﬂ%ﬂn\é&(ﬁ) " "?@Mtﬂ? g@%&ﬁﬁ%&%@%}ﬁ‘%w'gflg

di mensi oﬁ@vicer2(}1$tghemrﬁbr;gap®$i§iommrﬂﬁ{)eywr-iﬁﬁg/btm:mjé@né’thlﬁﬂlrﬂ dohs Qér%i%\b(;@ﬁ domai
magnetic region will be determ ned by e spatial variation.of ti ‘
dall fri ﬁlﬁf“%&%’i'@?ﬂ?‘g%%%@m%ﬂtw@ﬁ et @%Sﬁ%%afﬁﬁgfﬁ@gm fneé;gs!s @answw Ithebg
~det er ni ny tit iin BOUREIRG Y SR8 e Wil LA SEELE A gssds
- the rragﬁ%{q?% ls?ﬁ?q%g fl%{tel do VH%@ _magnet?c rr-astserf%%rgorrﬁpl éf‘ﬁg)e?%_
“magnet i ctfg magnetic filmd®, this width will be relat ed to the physical width
~of the tracks formng the witing device 20 but will 'not be gxact!y t he
same as this width. A device simlar to a magnetic tunneling junction can

" be used to TrealdchhmaghafiefigRii sTins itighth ABIdERanTRONGY ISR A pgs, film 10. A
magneti c tunneling junctjon , ) e . _ _
‘ approach-the magnetization of the material, 47TM. In disk drive:-magnetic recording -
write heads, ‘the maximum achievable field is about 47TM of the magnetic disk
material. Disk drive development seeks to make the magnetization larger, making -

farger 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
\ re-:!at'ed to the magnitude of the material used in the writing device 20. Local fields of
_several thousand oérsteds 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 rhagnetic film 10. Inone embodimént,.the

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

The current required to move the domain waiis‘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-writiné 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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(MrJ) has two | ayers of magnetic material .separated by a thin-|ayer of

insulating material that conprises a tunneling barrier. This tunneling
barrier is typically formed froman ultra thin [ayer of alum num oxide
al though it can also be forned fromother insulating or sem conducting
materials such as MJO. One nmgnetic |layer in the MI'J is typically a hard

magnetic nmateri al at requires a |large net i Idt han

magnet i zat i iﬁe Vi ‘?ft h@ﬁnm@tree'%‘f’@%eaﬁg n@@ PI%P 2 Yﬁrfa dﬂ(z??c
mat eri al , y,\%a#% t i &l tizat i on.
When a snma dcﬁ‘lhélﬂ\%élngftrlﬁg galg‘@%aéﬁ i tﬁe Wﬁ%ﬂ?ﬁ étksregtl c i‘;ﬁ}aﬂteé” al, its
directi ordelérnmagdeiylthatbo@ndehawge& Ehe ddra:ﬁmtvl@i ﬁﬂmgmgtﬁej@ eateddwethe

magneti zation of the soft ma%netl c |layer be vari ed rel ative taq that

of the hdPagheinavitehngiield @it eweélcfma@aa{;%@ma@%ngé @ pRaneqcifndds t he
, the f r
depen Lhe TREHNIG wlbe n@%ﬁ%@.@% t%{?@iﬁ%&t\i:\@ﬁﬁ;{?hhé'i‘r%cké"ﬁﬂﬁ“ﬁ%é’@vﬁﬂh&
mat er i al sddvicd b@ butiwiehatrige Emyitbesawﬁgmmmy the value of the
current in the tunneling junction indicates the direction of the magnetic
moment in the soft magnetic material if the nmonment of the hard layer is
known. Conver I, es the
di rection o?\ ?‘ﬁjlyen%@%tr t{gfg ¢ﬁgﬁﬂ,&8hngll%gﬁﬁééﬂg?gFglea e:aﬁotrﬁgag?%ecti on of
t he noneribfonfatibe ssotd ameeahagnetit goiage fils) 1kfowagnttie tanwe!img gusttion

material s themanetlctunnelln junction can also he far from hard
TRgnet | ¢ LS O Ry e 1SN G UE IS RSP LY EXlGoYFHe P ¢
-moment s ifafh) Med cBFfprRESY @%ﬂels@bémefrhﬂmmmmg DRI Y tWiRVAISSoAREd 31
~The tunneling current "passing through the MIJ. allows the ditecti'on of the
- magnetic frommmltraﬂhxeulamofcaienmum Immdtamithmghe’waﬂ alao &6 farmsed frormethery
i.e., the sto&aé:;ela% f) Bg rmn iM {)he direction of the

nagneti c %LH@@ 8f ¢ éco6‘th8 NGE ?qr%fssuc & VSYhe reference | ayer, is

known. There is a sequence-of donain walls Wlthl n the tracks of the .

witing device 20. In one region, the nonments are in one direction. In
anot her r egl¥, MegestiplAyat thedViT 4 is typically a hard magnetic material that requires -

a large magrnetic field to .change its magnetization. The other magnetic material is

typically a soft magnetic material, allowing a.weak magnetic field to change its
magnetization. When a small magnetic field is épplied to the soft magnetig material,
its direction of magnetization changes so that the direction of the magnetization of

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

When a fixed voltage is applied across the MTJ, the magnitude of the current
passed through the tunneling barrier depends on the. relative magnetic orientation of
the two magnetic materials in the tunneling junction. Consequently, the value of the
current in the tunneling junction indicates the direction of the magnetic moment in the
soft magnetic material if the moment of the hard layer is known. Conversely, the
current in the tunneling junction indicates the direction of the mormient of the hard
magnetic material if the direction of the moment'.o'f the soft magnetiq 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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r direction. The sequence of domain walls within the track is known
?got Eg control |l er of theqmagneti c nenory device 100. The controller keeps
track of the |ocation of the donmain walls in the track. Consequently, the
nonent of the data bit 45 can be determ ned by passing a current fromthe
upper y p 9 track through the data bit: 45 and the |ower track. A large

|ue of Boe tmslingdinahepatsiay thivghens sIANSRWS tid\rdfidnlct hthadhidict he
\égml;i ns of the tragk and fphe dgta blgt 45 are in paral Iéééf[. A sna\lﬁlf al'ue of
current TRBICACES!ReTANG AbthestiosmagbetiomaterialsitiesMAlghe., Hndstohey sl eiyai ns

f the tr fat a bit. 45 e anti-paralle|l.. Since the direction
gf thg dot%aoé%nélé%@ﬂ%dtif@gkd'?éééti?lqo?ﬁ{'e r@%e&'?’r@%‘?ﬁ 0 ?‘etq‘merd@@ﬁ@rfﬁfa'r@. t hus
t he data thtoekdende ker, dakaolnt 45 can be inferred. A nethod 900 for

reading a data bit 45 in the nagnetic film 10 by the use of a- magnetic
tunnel junction is described by the process flowhart of FIG 9 in.

i i it h. 1 d 1.08).. As shown in FIG 10 the
caonotic Ot okl Squkncela A yalb b ake 450k PERE witinggeviae 20 i t ne
nmagnet i ¢ ateoreaie, fthe Moméntssarban BRE difceong ﬁqtl%r@gﬂ{nhﬁﬁkew&ts %ﬁ"?ﬁq

I tracks 25 and 35 respectively, in addition t e storage
i ? \évglr f. %ﬂ@ﬂﬂ%%l&d@e- Tl S@guan@e skpamatedally withinitbe dtamkdgknbivhrbate t he

itin j nes. close-to th torage |ayer by thin
oL, Rk er SNEE S AR S IESICE R THR SRaTbSkAE baehlot "t e
magnet i ¢ locativel ofjthadbirein wWedls 6 #setratk. (ﬁ@ﬁféq@@htlﬁr}he'rﬁot‘nénpéfetfh%.rtﬂ?é%itt hat
one tunne)_barrier be.thicker than the other tunnel barrief. Si nce.the |
resi st ané® AN Be CEHIBINGhPY Passingdr exsen f&rp@mnpbe:} 1F&Clv\if¥d)ugh1?1e de![itedknles_s -
N . . . . ] . . unnel -~ -
wof the ingu barrier, it may be difficult to formtwo _
barriers mﬁtﬁgﬁﬁwﬁ%’fa y equal resistance.values. 32 In practice,
“however, the tunnel barrier resistance is extrenely sensitive to-t he
- nor phol ogy Rf t he aiunn | ayer so that even when tunnel barriers.

| barrier !
have, nom Natidy YL QLoITem ”EE’H@@,th?h@ﬁerreﬁ’éﬁﬂrﬁleéﬁdbeééw idow, and the
si gni fi caleimaing of ﬂfé&rédk%nd‘ﬂf@@é’t‘ang’?]?%ré MepdruMieh SA5H LAl LFRENDS:
critically on the structure and norphology " - .
indicates that the resistance of the MTJ is high, and the demains 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 déta 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 fro_rn 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
1080 which form the insulating barrier of the magnetic tunnel junctibn.‘ For ease of
fabrication, it is pféferable 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 tunne! barrier, it may be difficuit to form two tunnel barriers

with approximately equal resistance values.
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and chem cal conposition of the underlayer on which it is grown, the

nor phol ogy and the consequent resistance of the tunnel barrier 1090,
which is grown on top of the track 35, may be different fromthat of the
tunnel barrier 1080, which is deposited on top of the magnetic storage
film 10. For the purpose of illustration, the tunnel. barrier 1080 is
shown as being thicker than the tunnel barrier 1090 in FIG 10, so that
the resi stance of the tunnel junction formed between the | ower magnetic

track 35 anth phetidepesweranaid tinhepbkrried radistanbeis sardmalteenbiyivé e tidi cker
tunnel barrier 1080. Thus, the ferromagnetic el ectrodes of ~the magnetic

tunnel j unetheiogt of therthedelrasriet lnyensg Hatiayerarhan Bnnekbamersupder track

res: ot and P HPEIFINE oReh | Bhet T ohOF SREREH AT R0 Sonbo el e
i nsul at i ngohAwRsgy d0BL: tutharefraeedependsérfticapbpkite strigtufeshs htpRolehyt he
| ower insulating layer 1090 is sufficiently. small that it does not

si gni fi caitd gherdicel conpesitiontaiéhe usietaies @rovhichd is gimwal theurephelegyThe

magneti c di tion of the bit,.4 i | [ aited by the |eft

i Poct ed 4 F5l(RsBlepl st bbn i e SIS AT S oY ol e |
FIG 1 OBheittackess] Be difefrbnPfromi tBAt otiheaah sl baRGNetisD, MIENE, dcpDsREGWN.
by the block 905 in FIG 9, by fpassi ng a small current through the

cor r esporfli Wy efghemagneticosterageiaxs025 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 1 OA and the line 1062 in FIG 10B. The current is
~passed al on§ot tree ppipesetof dttlstralion hiheughnéineartipedsd issiloatn axgbeiay ehickd080,
“through the data bit 45, through the |ower insulating |ayer 1090, and

al ong t héhap ghetunnedbrrey O0RJUR- 10 8héha the keststanes oFing tugneljungtioy 10
"Athe dir Nc) fhe RS i i Q@m- e
.directed figﬁ%%ﬁgegg%%#mer ectl %a@iettcﬁgaéiﬁ%%ﬁgég meélg%@lrﬁ n {Cﬁtiacﬁﬁ%se_}g”ut?%ck.
33 Thus, ddminatsl by frcthickertthmenetdgmasn t0&0nnels, fhenttriconagudtic diecttalgsarfd

E:?)(ra]t (r:;;'[ %H%@%&%Qio\#u%?ﬂﬁﬁéﬁgrggfe %Srmiéldlfyosntl E(ﬁet: ren%glr)lgtiglm%?griaq%(? trilenu;lazgljec? S By
track 25 and the magnetic material in the magnetic storage film 10 since the |
resistance of the tunnel junction is determined by that of the upper insulating layer
1080." Therefore, in this examp_le,-'me resistance of the lower insulating fayer 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 direc_téd arrow 1065 in FIG. 10B, is read as a
left or right directed magnetic moment, as shown by the block 905 in FIG. 9, by
passing a small current through the corresponding upper and lower tracks 25 and 35
at whose cross poiht ’thre 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 1080, and along the
lower track 35 as shown in the block 910 in FIG. 9. In FIG. 10 A the direction of the °
moment of the data bit 45 is shown as being directed in the same direction as the

magnetic domain in the upper track.
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magnetization of the data, bit 45 is directed along the rightnost
direction and is anti- parallel to that of the nagnetic domain in the
upper track so the resistance of the. magnetic tunnel junction will be
hi gh and the current 1060 will be small: Thus, as illustrated by block
925'in FIG 9, the data bit is determned to be a "1". The current used

for reading the state of the data bits is nmuch smaller than the current

used to nove domains along the tracks so the reading current will not

affect the Taiuat ﬁ\eqfesislﬂﬁadéaéﬁhé'rﬁég%neﬂ&%ﬁﬁél‘i@ﬁct%@ﬁmwgné ‘ﬂie 8@@?5 o

wi || depend on the resistance of tunnel® junction
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fromthe array of upper an | ower wrltlng rac
of the tunRAghelicivene JHQCMMI be ecgmmdwtheewﬂ'erdaﬂmohmubfﬁ@mﬁrpnnrﬁggeggl n

curren passed through the data
E?{ a:‘ IoreI MW%’{PaA%@%ytbﬁ%% E’«g"?:? taglé'f IS¢ ﬁﬁ'ﬂ'@fjdﬁzﬁe 201" det er ni ne
whet her the tunnel. j unctl on has a h| gh or -l ow resistance in order to
m nimze the energy needed to read one bit. For this purpose, there naybe
reference rd8pougest peedriad readimgsheristate of thmedtaj hitscisinansh stnallBethanm Al
boundary wj, esi st ance bit tunnel junctions can'

be conpar ed’ter}'%hjye;& ?(?HH‘}% %ﬂ’ﬁ'?? %’%@@rﬁﬁh@‘@dat ereBdirorerEmm wiil Ret affact s
formed frthenstate of higs datamgret Tise hatar éurrJrﬂl%s‘éHrfSPFéagth;TmiF @?p&ﬁcg&ﬁttﬁec

main in the upper track in the witing device 2 al,tered by
ggss: ng 68%'?@%%&1@%@%%@0&'@gvhwramjes@med imdwet;iﬂcuermmh thateied i on of

he dat vari d bei n ubj ect to the
large magner e e L el Bk e e e et pper
and Iomerthertmrletjunuhoessence t he magnetic. dorral nin the upper- or | ower

tracks provides the reference magnetic rmrrent and t he data b|t provi des
the storage nmagnetic nonent. 34 :

Similarly, the higher the resistance of the tunnei junction; the smaller will be the
current leaking into the array of tunnel ;unctionsrformed.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 edch other. The reading current is

passed through the data bit for no !onger'than is necessary to get enOughrsignaI to

) determine whether the tunnel junction has a high or low resistance in order to

‘minimize the energy néededto read onie 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 tunne! junctions can'be compared.

Thus, in the memory system. 100 described herein, the MTJ is formed frdm 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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| f necessary, for larger read signals, the resistance of the MIJ forned
fromthe magnetic domain 1025 in the upper track 25 and t he magnetic data
storage bit 45 can first be read by passing the current 1050 through this
MIJ. Then, a current can be passed along the upper track to nove the
domai n waIIs in this track by one position. Thus, the direction of the
magnetic nonent in the track will be changed frombeing |eft, as shown in
FIG 1 OA to being right. The resistance of the MIJ is read .a second
time by pasgi i r e
resi stance \ff\n e%géﬂajfdr ié@%qéé;%daagH %e %%%%OE%F WHJ f@?ﬁ@ﬁ‘sﬁnn%? he
upper tr ankg@stiovbmaimon0®in trhletdm)e&mmklmﬁ trechignetiodatalsbraok Bitws dat a
bit 45. Passjng.a current al on% t he upper track al on wi t hout ‘
concurrerﬁqryf'rﬁg%lrﬁ@d gy easpegtthaIcHign Fﬁ@wm@k’g'ﬂ ﬁ'a%%/?@s Thenla ewrsntrasie

t he domai e of the
dara bt ekt HepRE LebRRiiartd Btk O RRMR RN B T e
hi gher sigpsitiorheThauts éhe dhrestiorebhve oAb Neticovineas i e whdy \Qmemaqaﬂg
resistance of the MIJ to be read. The state of the data bit is determ ned
by whet hdforP heng it aa sbewpr intie. IR tasbeingrighéed or decreased when the
direction of the nmagnetization within the nagnetic domain in the upper
track is reversed. The material forming the magnetic film10 is conpri sed
of one or nihe resigtaice®f thay&lbis réhd apseaqpexdtines bgfpasbiagrmgnet readingm ar e
chosen so that  the magneti c

regi ons. CUW‘@&WQW%%%EE‘EH’%H”&%’SE@? F%é)goﬁé%\l‘ff%” XO‘EM%%QHQ'%P%W%E iher gel y

determ neacﬂre*eyohfbetﬁ@a&ﬂn%hhﬁ%%n@p%fr thaldf 2BAURIHBWEE in k! c%dgae dirsglid§ 1o Must

kbe of a sufficient size
gfeat erbalghf the daita hittdén dP assmgralcuirent tloaty thasipper track tahmg without

magneti ¢ ani sotropy of ‘this regionis

V\h h
71 het ot CRRLVshiuProSGe A Giie s B 8Pt etk apePaari SiRIRe doman

the devi ¢gthdappethgacre@iebiiCcHENGRTY thHef mbBRePORR! bltheREH BRY5CaN over cone
the energy barrier provided by the magneto-crystalline -anisotropy of the

magnetic material within one magnetic regi on. Thus, the types of 35
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 i§ 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.

e

The material forming the magnetic film 10 is comprised of one or mbré magnetic
tayers. _The properties of the magnetic film are chosen so that the magnetic film 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 tempéra‘ture of the device that the magnetic momerr'at 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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_perpendi cu] ar nmagneti c ani sotropy, _and can be crystal

materials and structures used for high density magnetic thin filmnmedia in
magnetic recording disk drives are suitable. An inportant difference,
however, is that in the nenory of the present invention, the materials
formng the magnetic storage film 10 are not limted to polycrystalline
materials. Crystalline materials may be used to formthe magnetic film 10

wherein -t L VS j n terial s, have an ani sotro irectjon aligned
al ong one lﬂlgtregic%%’l %'ﬁd g%’&ﬂ%% 5 %8@‘?@%“%9%?0 tg}i/hﬁ’ﬁ" grediay i maghetic c
easy axi s rasyrdiigy dikk @feds aloBgitadike direction of one set of tracks (for
exanpl e, those above the magnetic film 10). In magnetic recording disk
drives the magnetic bits are witten around the circunference of the
rotating disk,. Thus, the magnetic crystalline anisotropy nust be aligned
ei ther r andoﬁpmoﬁﬁ%é'ﬁﬁ‘@nﬁgaﬁ%w‘a‘fert ﬁet%ﬁﬁijh@ﬁrﬁe'ﬁ’éﬂi af die presenhinyentiopy
di recti on theisiatbealalibenag 16 HifhefkQ iIrf]] Al Ysaik v atali
tangential to the disk gadi us. n‘Ic_“hi s&g?ggﬁlj g?k?rﬁgwég@'% t%ﬂ%ﬁﬁaw@e
magnet i ¢ fiategaks tGryatallisel mdteriateechay deysteal 1d foemakée snadranig fimel @iwerein
direction | d_be understood that the present invention is not-
linmted t 8“%8’:?@#]%6 ”Wg%"@'}? 'EF‘%E mwmﬁ@%apa alignet algndabree girectinn

magnet i ¢ fithin 42 m@?heﬂid"ﬁn{mﬁ@ﬁ‘éﬁamﬂ%f Eﬁrg@?ﬁ?ﬁ}é %%SJ blagsm;)? Rga%igﬁ%pﬁlm |

oriented perpendicular to the plane since

fringing thefectione anreseiaidiackadior sxampiehéhosenatksveothet megneiid filhg 10ylevi 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 materialln rﬂ@@fﬁﬁtitﬁﬂeﬁ@rcﬁﬂ@dlsk)&rveé%@%g@%ﬁé%%%‘@%ftfénhﬁ"éﬁnd the ~ -

I ne or . _
pol ycr yst SIPYREETEREe Bt hatretadingsts e hbes, dhetrhegrediostrystetineranidottdpy megnes i c

T onis comtd B TRTmRiW Bl ind i e b Ty by AR m 108

(.

i s a grandlrectioramguet b@aﬁ@d@i}/’emmﬁg?meo@ism@éioﬁr,ﬁ@.ﬁib@rt%n%@ntiﬁ% the .
i nsul ati ng. Bi lﬁ] ;ﬁjs SII’}JC ure may be useful to decrease the current that
flows al Bit§ "BALS é\’ﬁaiPrieE@Eértaa@SﬁiqfﬁmaWh%magé@apfﬁ@nﬁN@tmmils:tefmge

regions. dRetaliine axis along one given direction.

It should be understood that the present invention is not limited to magnetic
materials whose moments are in the plane of the magnetic film 10, but the moments
of the magnetic films 10 may be oriented perpendicular to the plane of the film 10

since the domain wall fringing fields from the domain walls in the tracks of the writing

e

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 construcied 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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36 resistance in-the plane of the filmwll be nmuch |larger than the

- resistance perpendicular through the filmsince the filmis very thin. A

\

metallic granular film could also be used. For exanple, this -may be
advant ageous to forma magnetic material w th higher magnetic anisotropy,
since the surface of magneti c grai ns often has enhanced magnetic

ani sotrop For OVI ng t erformance, it may be particularly °
advant agegeifé t‘?BC‘? iﬁger?gg"rﬁ@ W?‘rﬂl‘@hf@fﬂﬁ”éh%ﬂ"@ fesistaneg  has a much

| ayer. | For- ene ARSI CeTIm st PR D Moo FiGaBE S Mot g

froma gramuidaiscn’aeensedl Foompeirgdsl this ey hetddvaged gutiarto f&habRadméic

extend fromth r to the upper. surfaces of the film 10B but that are
el ectri cam%er@a'wﬁt“@a Bt BIRGHREC ARSOHOPYi Fineh dhaisvdase ohmeanelid elainoofitr

pl ane of t hese col umar nmagnetic grai ns may
be isol at gégﬁgénﬁ%eadgﬁ‘%gnﬁg? aﬂfso%ﬁgpl at eral direction by an insulating

oxi de, such as al umi num oxide or silicon oxide or nagnesium oxide, or by
an insulating nitride, such as alum numnitride. Thus, the insulating:

material is &l JRGrWE Hewrsrdoeriiiaianes, gmanke @@mqwflyc%d\dayﬂmdogoan ns |
wh h |
Ho T e surEimaoRCyd il S o Eim eriNRE 56 B BRch Todfl Rl B Pdgeg Rl

artificialo, thadaydrdhanmagmspianes:if theetayee Eoger@@pkd ifrosy beppefeyRd totighh! i ty
. the filmstructure may be

agai nst ther nal flu tBhi 2 For exanpl e

coonpr i sedbF Pagnets é;[h k9 a Hgaylar Materialfemunaedsd pragnalls apjumnar
Lantiferr agrairromet Ecepdrtd R &

.layer 1110 - can be f orrrerﬁg?%m- rté%ﬂ@agﬁg grﬁ%ésséfg@ es?iolng"ﬁqﬁ%t
patent s Slaeicabipisalded Grons8na 20 0therin the: Gireativnh p'sa'aiieilis tioé bRihe of the frlm
“non-ferr netic netals as described in - U S. patent 5,341,118. In all

_.the enbodiments shown in FIG 11, the nagnétic |ayers nmay be formed from

mul ti pl e magnetic and non-nagnetic |ayers. For the maxinmum signal for

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

+ - of the magnetic film 10B.

““m.f’

Magnetic film 10C is an artificial antiferromagnetic structure engineered for.
improved stability agaihst thermal fluctuations. For example, the film structure may
be comprised of two ferromagnetic layers 1‘1'15_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 maximurn signal for
reading the data bits it m-ay be advantageous to form the upper and lower surfaces
of the magnetic film from magnetic material which, in conjunction with a suitable

37



o

“bi 1315, nggqeqé@%@é exh %%jlggv?wam bligef {gégeat@é% eULERS 1590 he

reading the data bits it may be advantageous to formthe upper and | ower
surfaces of the magnetic filmfromnagnetic material which, in
conjunction with a suitable 37 insulating barrier |ayer, gives rise to
hi ghly spin pol ari zed tunneling current. As an exanple, MJO barriers may
be used in conjunction with Co-Fe alloys. Thus, the signal for reading
the direction of the magnetic data bits will be maxi m zed. As shown in
FIG 12, Wsusdispsiriierlayersgbrasniseiosghly spirepelpdesd twinaling omrrent. n@S(H\n ce
20 is desired r man

Th
20 is desiped fo MR e s P B TR et e SR MR st e ety s Lol aetie o i n
the data §HAEPRE reéCﬁﬂQﬂﬂaQiﬁe@[%rhofsthgqﬁa@{etﬁ)hﬁtﬁl%h@vﬁn PEIESKiFfRHPN. 1 In

FIG 12, a'reservoir 7s shown on each side of the data storage region

1205: reservoirs 1210, 1215, 1220; and 1225. Each reservoir is |ong
enough to comodat t he domai n. the tr ck te.to and
Fead from t A SHRAD TS5 alfe 4 ESEOI D050 U Tn g Arke phe 'wa@v&dewae
wite to anes aeaebd fopBblifal géﬁarmgﬁ&f R rreeg.wen rﬁgg%ecﬁrbat?ﬁng‘%f]ﬁ%g }rBnf

out of their respective reservoirs 12 1215, dependin e sequence
of "1"s afde domsain & seowgh length td acmmmbdamtﬁhee:lwn’emdnnﬂm détaarstoiwe

magneti c nenor etic nenory device 100A is shown in
FIG 13 c&i#e] 583@!48@&78#3#%93%%@@6 [©8190305, 1310 that wite
i ndi vidual data bits 1315, 1320. Each regi ster represented. by register

1305 is conprised of current |eads 1325, 1330 and a magnetic wire or track

1335. The traéitG1325 resereRipiy shawn bnteash sisteeoiibe et starags reging 1866

.domai n wa i manat i.ng fromd | n wall 1345

et s R BE 205 Mk Tate P STERRY Sid BRRERT Catie 137,

- 1330 ar e, agatemetiafpangle dorfBinglih ahe tradis Baewsite fhAH cbaMfrohem@tdatho -act
‘as reservoirs for the domains 1340, 1345. Current 1360 is applied to the

regi ster H1903€ {AAOMH203.i Ty Hgmeing i tmeeecmtf@tﬂﬂﬁée tegndriead fiome theqdats

data bit current en noves t ri'ngi ng but. of

t he regi oh2th, 1228, daka dbpendidyon the sequence of * ‘I”_s and “0”s to be written.

In an aiternative embodiment for the magnetic memory device 100, a magnetic
" memory deviee 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 wiré or track 1335.

The tr_eck 1335 is comprised of two domains 1340, 1345 and one-domain wall
1350. The fringing field 1355 emanating from domain wall 1345 is su_fﬁc-iently. large to
write to data bit 1315. The cgfreht leads 1325, 1330 are.made of mag‘netic material
and are of sufficient length to éct 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 wirites to the data bit 1315. The
current 1360 then moves the fringing field 1355 out of the region of the data bit 1315
once the data bit 1315 has been written. Each of the registers 1305, 1310 is

controlled individually by a transistor and control gate denoted by the reference 1375,
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once the data bit 1315 has been witten. Each of the registers 1305; 1310
is controlled individually by a transistor and control gate denoted by the
-reference 1375, 38 that pass current through the register 1305, 1310 to
wite data to the magnetic film 10. The current |eads 1325, 1330 and the
individual wite registers 1305, 1310 are shown in FIG 13 above the

i A . | ead i,.ndi vi dual
[ ansi st ora P R Thallan  rBBl (T BPTR il iEn TR hedhargiins’

substrat d0beneath the magnetic film 10. Thus, if the current |eads are
above the magnetic layer 10, vias are provided through the nmagnetic film
to all ow connections between these current |eads and the transistor

onbodi ment | ThocTeht B3 3905, IR and i TRThPE s Ba SRR Sihse Te 1 e
cont i nuoshowntin ¢4B. 8 aholatite hizghell!dibRlge ISRAEL |16 or88Lld e Rfel ar ger

than an i ndj vi dual netic data bit). Thus,” vias can be forned between

! . ,
these malfifstsite I@@'&diuaﬁ%alﬂw@f@ﬂ3?ﬁéh%|tranélst£§s iane prafgrabheforagdeniacsiliddn m

10. The ' i [ i N ‘and are ¢ i sed of | tiple
nmagnet i c ggg%}f 'If'%kc\bséds{? géﬂagh%t @88P g{é(fswﬁ@ghg U?ﬁ%ﬁgﬁw%gug?gﬁggd%g{%ﬁﬂvq e
sect i ons magheticdayatud, vizg aregsodtedahrsiighi walnhagriar! e dibaeddircisgnetic
sections b%/ insylating material, The current |eads 1325, 1330 ang the -
i ndi vi dulFWES" Besegilsicst lpargomd theritansisior aviehasdndhe pdised sbbatrateh t he.
ﬁagneti c film10 which makes it nore straightforward to connect these
l'eads to swtching transistors in a sem conducting substrate beneath the-
clayer. Alt Heudbscrited with véghest torthiet @nbedinsérerssioahen FIGWN thé nid daetit 3im
LW t hout ;il% not ches gr_ means of fixing the position of the domain walls
in these W& '}Oég"i%? ¢ be coplinupus; but e bedermed remmedlitipia magnetior nor e

' not ches @&ctRirfat (WREh RHGES RN é}@md?ﬁduél%aﬁrgetfd P tirplis \ﬁQQPSﬁtb%d
. magnetic_regions conprised of different Tmagnetic terials ror tThe _
pur pose BFMEddetyedoibese madnstiasettiendtuodg thesplbes defined bgsiee magnetic
film 10. The'magnetic film 10 are discontinuous ahd 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 poéition-of the domain walls in these write registers, the
ré-gisters can be formed with one or more .notches or protuberances or can be
formed from multiple connected magnetic regions comprised of different magnetic
matertals 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 dr away from these

boundaries with the magnetic regions themselves.
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magnetic materials for within these magnetic regi ons. Depending on the
properties of these different nagnetic naterials, the domain walls wll
have a preference to be |located either at the boundari es between these
materials or away fromthese boundaries with the magnetic regions

t henselves. 39 In a preferred enbodi nent the individual wite registers
are conprised of three magnetic domains with two magnetic donmain walls
which gives rise to magnetic domain fringing fields of opposite sign.
Thus, by mbvemjeliedembhdinoenidhe didivideslewrilgoagisteraare soopsisediod thragnet i ¢
region to be witten the,[ma netieg._daata bi t |cant?.be .writtetn in or{e

di rect i JH2EPEYHECHFEINER WP MaRYRESl deman Wl BVRIEy SesMISeSOgPas T bl v | ong
enough t@yRamiAhYing RS BO8ph&SRY ¥gh! THAE, BNRRRIrCHRE Br WR! dthef 6f thBse! ef t
and right of the magnetic data region or i'n the“vertical portions of the
current deads whltneeintbe nhagnetid regidnolo lur witten, iatraagnealicatpda dérsintbes. 1n

the alt ti di ment shown in FL.G .13 in which the wit i st
only . coOtGAILAEE HERRHGN Wa TS ORI B ekECHObar e AHHR dPHIGTer IR PEETEERILENE! ong

one di Fe@r‘id@ﬂh obo a8 aséi%‘?agg-réé&v&@f@hﬁbé’é%ém@ﬂ%@i‘l@f&gthbh@ﬁ QHHQT@H ef _
direction on the other side" of the domain wall, as illustrated in FIG 3B

for the thegoaguriendatefregioe drindbe ngriicabpartians of thet eufreiititadshibeNeelveasyipe of
domai n We}t?l%fhom in FL,:}G 3A. Thust. when the domain wall shown in FIG 3A
is nmove or ghgatelh Jakt 71099 AF19ehe magnetic data bit 45is witten

i.n-one direction when the domain wall is nmoved fromthe left.to the right
a\long the x axis. As shown in FIG 3B, the magnetic filmis witten in the
negati ve x Itheegitaroative embodimenhslvet inzkG. o ingvipeh the wyte oisiers| aily .

However, _if.: S " donaj | 1. v, fr ri -t Left, the
“rognet] el AR AR i o ol A R pE il bl WtERUE b0 10
di rect i aghepsidatdf tige domi=he waisdrid aleng xhelbppsdileadirdgtion.on thiegeéd siaé iodthe -

- points to the right). Thus, a si_ngl e domain wall can be used to wite
dat a bi t<oP8np¥eh ashlusteateddng 1€ 03B A ﬁhﬁdﬁﬁqmwrﬁioféﬁ'ﬂﬁ@”&f'%tion of
the donwnd : (AN , i ‘ : i 21 M : jrection
of e i 11 g Ot withGhe Nebriy 0Lt Qpmalrihy LRobid KO ThIE M AP | o
write redprsgierwall showy ibEIG. 3A is moved over the magnetic film 10, the magnetic data

bit 45°is written in one direction when.the domain wall is moved from the left to the
right along the x axis. As shown in FIG. 3B, the magnetic film is written in the

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

However, if the same domain wall is moved from the-right to the left; the magnetib
data bit in the film 10 is written with its magnetization direction pointing 'in-t'he‘p.ositive
“ 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 diréction of writing. Thus,

depending on the position of the domain wall in the write register, it may be
“necessary to first move the domain wali to the left or to the right in order to write a

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

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

bit within the magnetic film 10 itself. The current path can be closed either through -
S | 40



necessary to first nove the domain wall to the left or to the right in
order to wite a magnetic data bit in the left direction or the right
direction. In the device shown in FIG 13 the magnetic data bits are read
by passing small currents through-one of the | eads 1325, 1330 and through
a tunnel barrier, formed as a thin insulating |layer 15 on top of the

magnet i ¢ dibditdborddls oRttAe AR caRANGE hiaghdtié fiirRifh chH‘!h'é d s'i’fé%"lz?é bﬁ el I'm

10 itself. The current path can be closed either through el ectrica

cont act s roagteie Waged. of the nmagnetic film 10 or on the opposite side of
the magnetic film210. In an enbodi nent of the magnetic nenory device 100A
shown in FIG 14 (FIGS. . 14A, 14B), magnetic nenory device | OOB has

i ndi vi dual W jg bgrg;do%bﬁf & the rﬁégﬁtgﬁsaﬁghﬁﬁy eaé\é@éq'o%sa@érﬁav%ﬁﬁﬂéw FIGS,

situated on top. the magnetic In° addition to witing registers
(r epr eseritdd 1l4)B)rmgiusem mam@ deM@o) 0@1!31 hbhéendiottiahwofing tdugstemgnetic film

10. Data blts ) as data éﬁ%a 0 1435, 1440 are staq ered to
i ncrease E?‘Fgea%ﬁ’ﬁ tﬂytreSLf’ r|5tJS/‘d’ %dPHttQPPE TEIPEBHTIR gH’borl ng
fringi ng ddagtcisto mﬁduez; sqtast\%gﬁé é&que?e‘grgt@ f& 115 14l4po Banﬁ‘é%oRblénsofs

increased by a factor ot 0 er t nsity o magnet c nmenory device
100A. InﬂamnmgmﬁllcrfénﬂEbﬂ)athént&mgmbtasodaf&r!uﬁs;ﬂ%évﬂé&o 10138, 1dQreti c nenory

devi ce 1000 has ite r rs,1505, .1510 rpendi cul ar t
Coui ot or Stausted 1 LiGed SRl GRS G AR B Pir e Bhee MoMng Ghboring 1.
1215 andruﬂ@ag HeRs. bR th erﬁﬂad;ﬁwﬁtlm@re@r!apae@sityd&%ét%n&% fMehdsea Byhs

sired aerral density and still retain the ability to apply current to
the regi $e@lpsof the opeirthesiansdy shoragnedicmeemoey driced0@B0, the circuitry .
',‘f.k_:cc;_orrprl ses, in addition to the reading and witing elenents, |ogic and
ot her ci rcuitry for a variety of purposes, - including the operation of the

‘readi ng andinin &hib@diBEhiCeRthe trhgy istRMns Ry abviedHOSHE maiefienéBofpve t he
~-dormains within the wite registers, the neans of codi ng and decodi ng data

in data Kevice QG has vaite reistsds 1ERE, 1% Hepeimendisularite vdite regisiespi btat ed
usi-ng Gv%zer ?ﬁ@%éi%ﬁv@B|a%e§ﬁédt%%éfv?ég‘%éter T 155 i H6¥5,r£%oa’i§2b£8n RAC

i ndi vi dua
any configuration as desired to achieve the desired aerial density and still retain the

ability to apply current to the registers.

To operate the magnetic memory device 100, the éircu-itry comprises, in addition
to the reading and wrfting elements, logic and other circuitry for a variety of purposes,
inctuding the operation of the reading and writing devices, the provision of current |
pulses to move the domains within the write registers, the means of coding and
decoding data in data bits, etc. In one embodiment, the control circuit is fabricated
using CMOS processes on a silicon wafer. The circuitry related to the individual |
magnetic data bits will be designed to have a small footprint on the silicon wafer so
as to maximize the storage capacity of the memory deviée 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 medifications may be made to the system and method
for storing data in an unpatterned, continuous magnetic layer invention desc-ribed
herein without departing from the spirit and scope of the present invention.
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magnetic data bits will be designed to have a small footprint on the
. silicon wafer so as to maxim ze the storage capacity of the nenory device
while utilizing the smallest area of silicon to keep the | owest possible
cost. It is to be understood that the specific enbodi nents of the

i nvention that have been described are nerely illustrative of certain
application of the principle of the-4resent invention. Numerous
m)difications may be nmade to the systemand nmethod for storing data in an
unpatter 1Nt i nuous magnetic layer invention described herein wthout
departing romthe spirit and scope of the present invention. 41 42 W
claim 1. A data storage device conprising: a continuous, unpat t er ned
magneti cq4fi | myGomndd,S é'@exﬂ?é?onﬁp?@{(ﬁns for storing data; at |east one
witing e] ement conprrsing a track-for disposal in proximty to the
magnetic fil ng CQM@F‘@J%WM@MMW@ ﬁie'scoaﬂmiaiggeia’ta:regionﬁfan stogihg dbtaat i s
caused to shi £t K ctr o current
when the el ec%trlle%&%ﬁl‘?reﬂm@eeié%%g%gg@nénﬁ‘LﬂtredgMo? Hlss{’srai@ x'méyv% Fein a data
bit is s@aéﬁ?tlc\f@ﬂy”hﬂfﬁ"ﬂﬁlﬁt@*ﬁ‘?’fb'ﬂskﬁsméﬂmﬁlcIdegiﬁtmn@"dhaftlheausagrtxesmib f| | m
using a_ bioh@Hefihok ined drdcfigiTb diFeidBAdElrdr, R YBltic bilrdrfIR Jds86K ¢

sel ecti V&r%’y change a direction of a magnetic monment n ata reg| on.

2. The d 9§‘t'6?fé #&ice of claim1, wherein the track conprises an

upper track ﬂhér@tﬂ%%t@ﬁ@ié%etel&ﬁvémgﬂ%blb%tﬁ mé‘ea@mg?onls%v\% hddielic di sposed
bel ow th net c fil data storage _device of claim1l, wherein

t he magn@m USIpg F‘r“rrfrlgg‘gtfﬁédtff%rﬁf'lﬁ"@%ﬂ'?ﬁc da@a'Pd’uné‘hﬂl'értfaPh@ $drcdivelvn of the

dat a bi t cirepge laatrattionetla rdagnétiemdiient It @ggradm. ce of claim 1, wherein the
\magnetl c filmis patterned. 5. The data storage device of claim 1,
wherein the track conprises a bend. 6. The data storage device of cI aim1l,

wher ei n 2he nynddta stofdgerieiise oNAIFUT twheesin 82 traak cb@phieREIupbBeridgeat i on of
the dat adigbéseQ%BoveotﬁgHaé gtlc film and a lower track disposed below the magnetfic film.

3. The data storage device of claim 1, wherein the magnetic film is unstructured so
as to render the iocation of the data bit non-localized.

4, The data storage device of claim 1, wherein the magnetic film is patterned.

5. The data storage devicerof claim 17 where_in the track comprises a bend.
_ B. The data storage device of claim 1, wherein the magnetic film is unstructured so
( as to render the !ocation of the data bit non-localized.

7. The data storage device of claim 1, wherein the magnetic film comprises a single

magnetic layer.

8. The data storage device of claim 1, wherein the magnetic film comprises a
plurality of superimposed magnetic layers.

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

ferromagnetic material and ferrimagnetic material.



7. The data storage device of claim1l1l, wherein the magnetic film conprises
.a single magnetic layer. 8. The data storage device of claiml, wherein

the magnetic filmconprises a plurality of superinposed magnetic |ayers.

9. The data storage device of claim1, wherein the at | east one witing

el ement conprises honbgeneous magnetic material selected fromthe group

consisting of ferromagnetic mat er i al*3and ferrimagnetic material. -43- 10.

The data storage device of claim1l1l, wherein the at |east one witing

el enent o] i i magnet | teri sel ected fromthe group
onsi st 1 o e Ee SRR OB el o PRl i Sa R B B bt el . 10, A
met hod ofomisen inhamggenreosis oragyeticviedd seleoteg ifiosi thg grduprcomsisting ofont | nuous,

unpatterfé‘?rgpgggé}%%gterfiél!aﬁa?Q%?%ﬁa@eﬁﬁl data regions for storing data;

form ng at st one witing e y disposing a track in proximty to
the magnetic film wherein the track defines a magnetic domain wall that

i's causeghto ghidifod GlriRthold\ath sRMGe!ddviRe didhRikihgn Of an el ectric current,
when the electric Dcurrent gi S passe © tﬁr(e)’u H?p?‘ﬁegtrack; wherein a data bit

i s sel ecti vel PrPg BA5NENUCHS . 0INPRiETERE Bagrsiicdie thet campsispadatetregionsfor m  usi ng
a fringi ggrind @¢dtgt fromthe magnetic domain wall in the track to selectively:
change a direfgti_on of a magnetic nonent in a storage region within the

track. 12. ThBRBYRbESONEIEIRS Eiemsih UrRpsingrnach T HeXiatty felst one
}M‘: ting mbg?miatﬁ_lm,amaaél ihﬂ@t'rad(@l’eﬁﬂue%@h; :@sﬁgr‘v&ﬁi@@bmbfn@ﬁ‘dﬂ tﬁéfiﬁél/@a&?%td@ﬂ‘f‘_rh et tCh g
ilm an rmng.a lower trac el ow the magnetic film 13. e net ho
of 01 a g0 PearRie Eahom ol T Sertie At VR AT Orns st BiAeay an
/Aunstructth\_rcmghmm@mm c filmso as to _render the | pcati on of the data bi t
\Ploln;nl gg?r;)lr fgggh%ré'ip r%ngaga gﬂshs%gecﬁ\];elyc\;vﬁggi]e}r?tb t%hdeétgale }egiofngrom ggnatgpigticrmgnet e
film, using a fringing field from the magnetic domain wal! in the track o selectively

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

12. The method of claim 11, wherein forming the at least one writing element
comprises: ‘

forming an upper track above the magnetic film; and

forming a lower track below the magnetic fiim.

13.  The method of claim 11, wherein forming the magnetic film comprises forming an
unstructured magnetic film so as to render the location of the data bit non-tocalized.

kS 14.  The method of claim 11, wherein forming the magnetic film comprises forming a
single magnetic layer. '

18. The method of claim 11, wherein forming the magnetic film comprises forming a
plurality of superimposed magnetic layers; and wherein at least some of the

superimposed magnetic layers are separated by at least one insulating layer.

186. The method of claim 11, wherein forming the at least one writing element | ,
comprises using homogeneous magnetic material selected from the group consisting of

ferromagnetic material and ferrimagnetic material.



singl e magnetic layer. 15. The nethod of claim 11, wherein formng the
.magnetic filmconprises forming a plurality of superinposed magnetic

| ayers; and wherein at |east sone of the superinposed nagnetic |ayers are
separated by at |east one insulating |layer. 16. The nethod of claim 11,
wherein formng the at |east one witing elenent conprises using
homogeneous magnetic material sel ectettfromthe group consisting of
ferromagnetic material and ferrinagnetic nmaterial. -44- 17 The net hod of

claim11, vvhe r east . oevvrltln el enent conprises
using i nhormgérﬁeo g" H&Eﬁgﬁ ?Fﬁgﬁ@n ming %%f‘téﬁaSFP P9 §PBEPt consi st ng
of ferr ocemnessseisimgirfoabersuts hegnetagaeiibiceaiedfonl the Wouplitnsimidiod of
claiml1l, ﬁ}g&gé%hfc%agér%g?ﬁdﬁ% “SE"&E\?;%‘é‘lm corrprl ses patterning the

magneti c of claim 11, further conprising
overlying an insulating layer on one side of the track. 20. The nethod of

| 11,4af & h K
claim 18! ul’ﬁ-ﬁ %%f&ﬁéw %ﬁ%rﬁﬂdrﬁ% Qhesw é\rﬂ?etlgtfﬁ%%?rﬁaﬁ%gfpgtt%mtng 2?_' The

current throug trac e purpo

met hod ofh %’F@Sﬂﬂtlgﬁlm further conprising formng an insul ating tunnel
barrier layer in proximty to the magnetic film 22. A nethod of witing
a data bit on_a data storage device that conprises a continuous,

unpat t er fed r’rﬁb‘ﬁ@%tﬁétoﬁgerﬁeb’ﬁaﬁ daim Wbdurthep cempiisingyoveflyidaan inseliioms f or

storing (g8t ot kieddr the@sdk one witing el enent 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 in a direction of an

el ectri c20ur r Bhé meibe of &ility €1, neh §o@w§@Eonh§ct;H§%%%ﬁ{cﬁ by @ugact he  track,
.the method co the data bit into the data

regi ons BF*FHE eraE 8” @eftchh}qugh%é:raosq Qfl"‘f‘iﬁi‘%@efqa@ Bit-from t he magnetic

domain wall in the track to selectively change a direction of a nagnetic
nonent ipg,a s i,an h r
B1. II'i% l%gﬂa‘\o claim ’W tfur{her comprEsmg orming an lnsuiatmg tunnel barrier

layer in proximity to the magnetic film:.

22. A methad 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 the magnetic domain wall in the track to selecﬁvely change a direction

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

23. 7 The method of ctaim 22, further comprising connecting a switch fo the track, to
pass current through the track for the purpose of writing the data bit.

24. The method of claim 22, wherein the track comprises an individual magnetic
wire. '

25.  The method of claim 22, wherein the magnetic film is unstructured so as to
render the location of the data bit non-localized. -



23. The nmethod of claim 22, further conprising connecting a swtch to the
.track, to pass current through the track for the purpose of witing the

- data bit. 24. The nmethod of claim22, wherein the track conprises an

i ndi vidual magnetic wre. 25. The nmethod of claim 22, wherein the :
magnetic filmis unstructured so as to render the location of the data
bit non-localized. -45- 26. The methotf of claim22, wherein selectivel y
witing the data bit conprises coincidentally noving the fringing field
fromthe gnet ' I . toward the magnetic filmto
change azg}ar.eﬁ%@ﬁ%@églﬁﬁg?gt‘él%r%%%i%{:tﬁl%ﬁV{”ﬁ'\ég&lﬁ%at?EBF PriS8%. The net hod
of cl ai meeipciderjaitynesvinmivg fiingingfigld o the magneatingomainovalomthienracktdwardy  t he
track. 2 i : - .S | ectively readi ng
the. dat a s Tl IBP6 (and 8 Ucp of SFEBRESABRENT) 8 R B0hb T he tr ack
that crosses with the data region. 29. A nethod of reading a data bit on
a data sbpragenhdeviHes. b S, Ak ; : ] i.ng.formed by
di sposing a tunnel | ur?ét?tiggﬁb%’ﬁg{&%rs&mg%ﬁiér ?g@ﬁgg@g%&%ﬁgﬁﬁgﬁh@ﬂfnunnel
barrier ﬂf}f@d‘ in proximty to a continuous, unpatterned magnetic film.
that defines a plurality of data regions for storing data; and selectively
readi ng gge dat a bj&’{‘] s%or_ed in the data regions of the magnetic film by
passi ng 8°t ealThSERA PERRIM g2 (Tiiher comprisingpeleqtively eaadiorthe d#a bitintther egi ons.
30. The detahegloroby pasaing 2R@adnwhelurém isBbaatk ¥at MroteadiifGnd Bfa falich bi t
conprises measuring a change in resistance of the insulatingtunnel
barrier layer. 31. The nethod of claim?29, wherein the track conprises an
i ndi vi du2$. megnetia ofwbading 3 Aata Hitenneda stonfgetietics) cthprivhgr ei n t he
magnetic filmj ctured so as t render the |qcation of the data
bit non-I ocaﬂh@&ﬂ"n%@'.ragiﬁeﬁﬁ%a?'% %ngm?%py PIERH,E E\“”Hﬁ't”é“ pRtGHSa dat a

st orage e@vprised otamimsulstimptunnel tatrien @yey, immrbkimity toa eedinbyusfingR@sineg an

i nsul ati pgofangh rhRbLARS 4 Shirlity ' data regions for storing data: and

selectively readi_ng' 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.

i

30. The method of claim 29, wherein seiectively reading the data bit comprises

measuring a change in resistance of the insulating tunnel barrier layer.

31. The method of claim 29, wherein the frack comprises an individual magnetic
wire. ' '.

32.  The method of claim 29, wherein the magnetic film is unstructured so as to
render the location of the data bit non-localized.

33.  An apparatus for reading a data bit on a data storage device, comprising:

a tunnel junction formed by diéposing an insulating tunnel barfier {ayer in
proximity to a continuous, unpatierned magnetic film that defines a plurality of data
regions for_storing data; X _

a reading element that selectively reads the Vciata bit stored in the data regions of

- the magnetic film, by passing a reading current in the turinel junction through the data
regions.



proximty to a continuous, unpatterned magnetic filmthat defines a
.plurality of data regions for storing data; a reading el enent 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. -46- 34. The apparatus of claim 33, wherein the reading el enent
sel ectively reads the data by measuﬁérfg a change in resistance of the

i nsul ating tunnel barrier layer. 35. The apparatus of claim 33, wherein
the magnegki c +j i indi Vi . netic wire 36, The

appar at ugﬁ'of E‘%%Brﬁé g%{i’ééﬁgaﬁrg?%, ‘fvﬁ%emg%e 3AgSISTENt SeIGEVE IR0 B8 so as to
render t A3y ERaasingo change inesistance pidhe irsvlatingednel darrieSiagerem and Met hod
for Storing Data in an Unpatterned, Continuous Magnhetic Layer Abstract
Digital inforpation is stored in an unpatterned magnetic film (10A), using
the i nhefent, ThxERAREAS ¢ficdtaina dsi whersi thémagoetisifiin wemnpesesmnfiedividwsgnet i ¢

mat eri al mabeetivhiitee data on an unpatterned magnetic film (I OA). Data (45)
is read fromthe unpatterned nmagnetic film (1 OA) using magnetic tunneling
junctions (MrJs). To achieve sufficient thermal stability, the magnetic

fields reguiresk ippathad\geidimas, PRerentiid hagnak fin RS GisIBARELIsE 25§91 OnNs may

be much | ar han c b ovided by currents passing through wres.
This lar( 8?‘&%‘5??8%'0@ %B'éﬁ %-tggut_ aﬁ%loéﬂl%dby usi ng the domain wall fringing

field (235, 240) generated at the boundary between two nagnetic donain
wal I s (225, 230). The magnetic regions are witten by using the fringing
fields (235, 240) fromthe magnetic domain walls (225, 230) in :
~hei ghboring magnetic wires (25, 30, 35, 40). These wires (25, 30, 35, 40)
Care brought close to the nmagnetic storage |ayer (I OA) where the magnetic
storage regions are to be witten. Fig: IA
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System and Method for Storing Data in an Unpatterned,
Continuous Magnetic Layer.

Abstract

Digital information is stored in an unpatterned magnetic film (10A), using the inherent, natural
properties of the domain walls in ferromagnetic materials to write data on an unpatterned magnetic
film (10A). Data (45) is read from the unpatterned magnetic film (10A) using magnetic tunneling
Junctions (MTJs). To achieve sufficient thermal stability, the magnetic fields required to change the
orientation of these magnetic regions may be much larger than can be provided by currents passing
through wires. This larger magnetic field is achieved by using the domain wall fringing field (235,
240) generated at the boundary between two magnetic domain walls (225, 230). The magnetic
regions are writlen by using the fringing fields (235, 240) from the magnetic domain walls (225,
230) i nexghboring magnetic wires (25, 30, 35, 40). These wires (25, 30, 35, 40) are brought close-

to the magnetic storage layer (10A) where the magnetic storage regions are to be written.

Fig: 1A.



