SYSTEM AND METHOD FOR STORING DATA IN AN UNPATTERNED, CONTINUOUS MAGNETIC
LAYER CROSS-REFERENCE TO RELATED APPLICATIONS 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 Same," and Serial No. 10/458,147, titled "System and Method for Writing to a
Magnetic Shift chister"' both-ofwhichwere filed.on . June 10_2003. and.are incorporated herein by
reference in their entirety. FIELD OF THE INVENTION The present invention generally relates to
memory storage systems, 8N TGN WIR PHOSTOORS I9TRER RS IR Hhafyigag the magnetic

moment of magnetic domains to store data. Specifically,. the present invention relates to a system .
“that stores data in an unpat®fRE TESRIELD (s LGRS N AR TBRGBNBROF THE INVENTION

There is great interest today in magnetic random access memory (MRAM) as a high performance,
non-volatileamemary using magnetic tunnel junction (MTJ) memory elements. The magnetic tunneling
junction comprises two layers of ferromagnetic material separated by a thin insulating material. The
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incorporated herein by reference in their entirety, -

FIELD OF THE INVENTION

The present invention generally relates to memory storage systems, and.
7parﬁcufarfy_ to a memory storage 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.

There is great interest today in magnetic random access memory (MRAM) as a
high performance, non-volatile memory using maghetic tunnel junction (MTJ)
mem_ory elements. The magnetic tunneling junction comprises two layers of
ferromagnetic material separated by a thin insulating material. The direction of the
magnétéc moment of one of the layers 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 anisotropy,
much higher than that of the second ferromagnetic layer, as described in U.S.
patents numbers 5,801,984 and 5,836,293,



device to set the direction of.the magnetic moment of this layer. This applied field is referred to as the .
writing field or switching field. It is advantageous if the magnetization of both the first and second
ferromagnetic layers are largely homogeneous and aligned along one particular direction so that the
magnetic moments form essentially a single magnetic domain. Usually the magnetic moment will not
be homogenequs but, especially at the edges of the device where the demagnetization fields are

largest, the madie AHISH MEPBEHiddiaE BRbipHenmapeiaterrdy Hiledfoihenesenatifrcis!dhe
direction ofthe Imagnslis memenh e sesanddayehwilldargelyRithes he pasalielor pntizparallel to

the first layer, thereby allowing the storage of data in the form of "ones" and "zeros". The individual
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area. To create the MRAM the MTJ elements are incorporated within'a network of "write" and "bit"

lines for thE8SHigEdsesst FBaHHE Hieiting TreorEir Huvicesta Husdaved Hhis.spphgshisidrisoer

5,640,343 rElechica) clecis JonpRIURIARONIRFagaHRg; the state of the individual MTJ elements may
be formed by conventional CMOS processes: During the fabrication of the MRAM chip the MTJ

elements will generally be fabricated by first depositing a continuous magnetic multi-layered film

comprised of ib%@@@&ﬁ%%@lﬂ%ﬁiﬂ%ﬁ%ﬁﬂ%% b%qwmaeri@gamfs 6%%&%9"9&49@%%@0“ |

have been fabricated in a "prior step. The MTJ film is then patterned using an etching technique to

form the URMESH#R fareRINNRGIIRARIMEOYS R pErabanekhEpY ant sizei O direetinmpsy rablems with
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elements become ever more sensitive to 2 the ed structire of the edges o evices as the

devices bebgafesmaIRMmeshy4l vaidfohemrskapesahdisizepassiatiy s 10s eddesigbtheughness of
- these deviggsi€a4skere the demagnetization fields are largest, the magnetization may be

directed away from the preferred direction.

Nevertheless, the direction of the magnetic moment in the second layer will
largely either be parallef or anti-parallel 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
tunnel junction structure, and thereby defining an MTJ element Wit’h a particular
shape and area. To create the MRAM the MTJ elements are incorporated within a
network of “write” and “bit” lines for the purpose of reading and writing the MTJ

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

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

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

One of the major 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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large changes in the magnitude of field required for writing the individual device. Moreover, the field
required to change the state of the MTJ memory element increases as the size of these elements
decreases, The magnetostatic fields emanating from the magnetic poles at the edges of the MTJ
memory elements primarily determine the required magnitude of the writing or switching fields. The
structure of the MTJ device can be made more complex to alleviate the role of the demagnetizing

fields, for ex Ypﬁﬁgtag fobting eneldhe srossbifaseragnetalatfersieoteprising ihe MiEldrom
sandwiches gfiwo/a6ImMHe; B%%Qé]ﬂi ~ rated b thin non-ferromagnetic layers, as
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placed just ﬁwmwww the MTJ element. An MTJ element is placed at the "cross-point" of
each of the write and bit line wires. The write-line and bit-line wires are typically arranged to be
orthogonal to one another with the MTJ element oriented with its easy magnetic axis oriented along

one of the wires_r,h.%ﬁﬁgﬂa@féﬁﬁécﬁ&fﬂaﬁﬂmbﬁﬁgﬁomltheu%gﬂr&;%‘ﬁ.ﬂeg%\(iﬁ% Bayealsehegrignted at
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Along theseysams,Wwiies:k Wl number of half-selected elements which are subjected to either
the write-line field orgthe'%@iﬁéeﬁ?éﬁa&%ﬁ@prﬁ&' G RaIg0aRRelh phlye frerateachetindarersents
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(or perhapsthin non-ferromagnetic layers, as described in U.S. patents numbers 5,841,692, '
8,153,320, and 6,166,948.

In conventional MRAM cross-point architectures, the state of the storagé
elements is changed by passing currents through parailel arrays of "write-line” and.
‘bit-line” wires nearthe MTJ memory elements. Typically, local fields at individual MT.J

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

AnMTJ elernent is placed at the "cross-point” of each of the write ancpz1 bit_ fine wires. The
) write-line and bit-line wires are typic_aliy arranged to be orthogonal.to one ancther with the
' MTJ element oriented with its easy magnetic _axis oriented along one of the wires, usually
referred to as the bit-line, although the MTJ device may also be oriented at some other angle

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

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

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



twice this amount if the wires are clad with a highly permeable soft ferromagnetic material such as
permalloy). The maximum current is limited ultimately by electro- migration whereby atoms in the wires
can be moved by current passing through the wire which can eventually lead to failure of the wire due
typically to local necking of the wire which results in an increase in the local current density leading to
a runaway process. Thus, in actual devices the current density must be below this limit, but, even

" under these cirthenstances, freidsunsnndsiyneitiod initedcbyatisapassingangidisvirelatthg
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the memory 8RWBHE ¥§#ot determined by the shape and size of the memory elements, and in which
much larger local magnetic fields can be generated, allowing smaller magnetic elements with

sufficient magnetic stability against thermal fluctuagons,tThe nfgd h)r§ sugn.a Fﬁ@ﬁ(@nup%svhre}retofore
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7 provided a ynder these circumstances, the current density will be limited by other -

Y considerations, including requirements on power dissipation and the size of power
transistors on the chip. Constraints on these currents thereby constrain the

maximum field and so limit the smallest size of the MTJ elements.

The switching field can be decreased by reducing the net magnetic moment of the
element, for example; by using magnetic material with smaller magnetization va]ues or
by using less magnetic material. Less magnetic material can be used by reducing the
thickness of the magnetic layers in the MTJ device. However, these devices then
become susceptible to thermal upsets due to the super-paramagnetic effect.
Consequently, the MTJ elements must have sufficient magnetic anisotropy. that they are

stable against thermal fluctuations at the operating temperature of the MRAM device and,

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

cross-point architecture.

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

such a system has heretofore remained unsatisfied.



data storage device comprising: a continuous, unpatterned magnetic film comprising data regions for
storing data; at least one writing element comprising a track for disposal 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; and wherein a
data bit is selectively writable into the data regions of the magnetic film, using a fringing field from the
magnetic SSMEMARY in the track to selectively change a direction of a magnetic moment in the data
region. According to a second aspect of the present disclosure, there is provided a method of making
a data storage device, comprising: forming a continuous, unpatterned magnetic film that comprises
data regions for steririgidgtty fofirihgstdebst teeweitiont eliscientityy thepesmpratided o proximity to
the magnetic, fil rein the track defines a magnetic domain wall that is caused to shift along the
track in aeégier%%t%r)\% %.I’(la éﬁ%%iéc(%ﬁ r%%ﬂ%vhen the electric current is passed through the track;
wherein a data bit iscsdlectivelyweritdtseniatortize detia fégi aspfthie gnadmetgibting, fasing a fringing
field from Q%SHHQ%EC 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 providedat [essthoclkeofwitiitio ¢ e nhetat loioom Bttt daEigi ddispe dhaircpnpiiagg:ta continuous,

rting ele e L B R SR Aol B otnes
magnetic denssn twadtihiffaslisncatieettack in a direction of an electric current, when the
electric current is passed through the track; and
wherein a data bit is seiecfively writable into the data regions of the
magnetic film, using a fringing field from the magnetic domain wall in the track

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

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

comprisintp #héfdalenadhageadavice st iformbdrbplaposiugranunmesiuifetieretidt is comprised of
ol ! bt g o ) : ‘ o i that defi
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regions oﬂhﬁ@@i@dﬁéii@@iﬁhﬁtﬁﬁtﬁa@h@n& :éetdmg'mmeﬁciﬁime:aiag_karﬁamghwéad/Wmhe data
regions. feeal @g%tt‘?caggﬁj?aﬁ?&%?{‘i ftWeet%SﬁetBtsdé?&%%fy’c ﬁﬁ%{’&%” Ided AR gpparatus for

reading a data bi a data storage device, comprising: a tunne on formed by disposing an
insulatingmagietamiemaybinim shandgstsetpcencuithimuthsiranpatterned magnetic film that defines a
plurality of data regions for storing data; a reading element that selectively reads the data bit stored in
the data regions of the magnetic film, by passing a reading current in the tunnel junction through the
data regions. Acéoatinging tosixibuasitpespettind ihreseasdidatstinsurert & piovideddediata storage

dispossd 1o B O T e ehiftable magnetc
domain wall; andhwréaéirstotaga bevediestigdtystodebidispowinthe tatnakigionoof tat
is comprised of an insulating tunnel barrier layer, in proximity to a continuous,
unpatterned magnetic film that defines a plurality of data regions for storing
data; and
selectively reading the data bit stored in the data regions of the magnetic

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

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

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

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

through the data regions.

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

an unpatterned magnetic film comprising data regions or storing data;

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

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

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



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. 6 According to a seventh aspect of the present
disclosure, there is provided a data storage device comprising: an unpatterned magnetic film
comprising a plurality of data regions for selectively storing data bits; a writing track disposed in
proximity to the magnetic film for defining a shiftable magnetic domain wall; and wherein a data bit is
selectively writteAdoaaingfithe datendyiaszeot thidhaagestiotiitis dgshitingeteeisnagnetic domain wall

in the tra t irecti ing to an eighth aspect of the present disclosure, there
°§\%lﬁ§80°8%8{avg%nr§r£§ YO ACEALHINg AC

is provide ata storage devite compriSing. an unpatterned magnetic film for storing data bits in a
plurality of data asgionsyttariesitatigndiigéditithabouvdsigtdedistr simefol aie rdatiamedions; a reading

track dispggfse%m%p%qg}m t%ygg tr)‘ri]%gnetic film for defining a shiftable magnetic domain wall; a
conductor disposed in progmlty to the magnetic film, for passing a reading current; and wherein a

data bit stored ineonetofglieadatdispgmatsiis peadrbifyshifting thegneagrdtic fdoahaiiniwalbin the track in
proximity gg}@gbggﬁéggg%ig which theii_datgl bit is stored, and by measuring a corresponding
[ In

variation in the rea Curfent that results from the shifting of the magnetic domain wall. The present

disclosure presentscacsystetatantan wmmadwmmmm W@%N@Iwamrm@r@rﬁa as "t_he
system" °@§Bﬁe‘%¥8§ﬁw SY LAY ARG ORI RANIAR IS 4ERRRERY S Sapepstc film, the

data stora
directions.

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

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

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

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

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

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

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

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



layer, in a solid state device with no moving parts. The present system provides a global method for
writing to and reading from an unpatterned magnetic film. Briefly, the present system uses the
inherent, natural properties of the domain walls in ferromagnetic or ferrimagnetic materials to write
data on an un- patterned magnetic film. Data is read from the unpatterned magnetic film using
magnetic tunneling junctions (MTJs). The magnetic film is the storage layer. 7 The magnetic film may
be a singld’ bemtiagoat‘zdé&ae‘r Iw'ahih@/\miﬁhgfwﬂmtémmasbas@rw'smmdcimawbi@[& saties of

ciscontnugus spClpns ihidN 276 Bot conlaypus Wil ane SR LG Ag0Rl i may be

comprise smg e magne or may be comprise fe magnetic layers which may be
separateddwth@mder‘mt‘ha:gmaccﬁb@ier layers. This film is comprised of magnetic materials similar to
those used in magnetic media in conventional magnetic hard disk drives. These magnetic materials
have sufficient intrinsic crystalline magnetic anisotropy that magnetic regions or bits written into this
layer are stable ngmgneﬁmélirﬂumaaﬂimwsoméaaéwﬂﬁthmmmlﬁemﬂ’e@aiyed to change

the onentggu&ﬁ;‘f tthgg g?%gtr}l%%j;r %%t% %%gyéebﬁﬁgﬁmmcgl%@gr gﬁgg%%ggaéﬁ&owded by currents

passing thro ear- yW|res ese Yarger howev ieved by using the
domain wﬂrfnngaggdt&tobwrmmmtﬂmtidxmdacrgnhpmedmﬂma«gaghemoaienﬁm walls in magnetic

racks comfyipeskshmagnsiicieslasaied i e magnel S, Arsapigied with each

domain wall are large magnetic fringimg omain wa conc ntr ange in
magneﬂsmfffm dites shr ectignettic amatdres inha neagfétientdtdriabin aryetalm@anha'ae@cDepending on
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This charac erls fmagne L domams is USed to Write to data s age regions in the magnetic film.
When the tlemaah Wakuistrnosedulmsectans that the magnetic fields required to change the

orientation of these magnetic regions or bits will be much larger than can be
provided by currents passing through near-by wires. These larger magnetic
fields, however, can be achieved by using the domain wall fringing field. _

generated at the boundary between two magnstic domain walls in magnetic

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

Associated with each domain wall are large magnetic fringing fields. The
domain wall concentrates the change in magnetism from one direction to
another in a magnetic material in a very small space. Depending on the nature
of the domain wall, very large dipolar fringing fields can emanate from the
domain wall. This characteristic of magnetic domains is used to write 1o data
storage regions in the magnetic film. When the domain wall is moved close to
the magnetic film, the data storage layer, the large fields of the domain wall
change the direction of the magnetic moment in a localized storage region

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

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

within a magnetic entity such as a magnetic track or wire.



the magnetic film, the data storage layer, the large fields of the domain wall change the direction of
the magnetic moment in a localized storage region within the storage layer, effectively "writing" a bit to
the storage layer. An important characteristic of domain wall fringing fields is that they are localized in
small regions of space near the domain wall. Thus, domain wall fringing fields can provide highly
localized and large magnetic fields that can be manipulated in space by moving or controlling the
position of the dohaifi &l ondtiimcaby éigm dtierainity st aheds agenagoett taekite wire. 8 The fields

created b I | are e enough to. write t netic Jayers with magnetic switching fields
of severamggjﬁr%ﬂo%%%e@sh Iﬁ% rr%%'gfn?t‘%ﬁ%%??hée}fn%g)}r?g el rsf rgggarggig@r\%ﬁﬁsdistance from the
domain whHlie CuapatuEnty iz fiticgtion fidl teddopsaiapidil thitlgidpfields franmbibecdotnalied in
magnetic ks.qr wires located in proximity, to the magnetic film, by.varying the distance of the wire
from the ma %’r%ﬁ\?v %@éep%@pear{’) #'sgo*%g Oiﬁgﬁgdé:’d a)'/ ReR Jrrr%%n\%gl?ﬁgn&%%nﬂ%ld, and by moving
the domaicowtthi&org rieyndtic tretties mesdritdystairg thepnoagnétidsthmgeamguitinginithin the storage
layer are wrjtt aﬂg{ ing,the fringing fields from netic domain walls in _neighporing magnetic
tracks cor\ﬁg:\éel? o?ﬁa%?ri{e %nv?/ﬁ%%?.%?ﬁevgéewﬁ%@ érg IB%%SHP] 8?‘888%3 {RE ?né/g%epﬁcggtorage layer
where theanagpedidgtihrageregions bfertgihe feitteandrbthenquiegcinet stateithealbatains may be
parked a r? the storage layer in the wire sufficiently far from the surface of the storage layer
that the fringing tiéld 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 -
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' layer are written by using the fringing fields from magnetic domain walls in
neighboring magnetic tracks comprised of magnetic wires. These wires are
brought close to the magnetic storage layer where the magnetic storage regions
are to be written. tn the quiescent state, the domains may be parked away from
the storage layer in the wire sufficiently far from the surface of the storage fayer

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

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

writing of the magnetic regions within the magnetic storage layer.

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

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

In another embodiment the magnetic wires associated with each

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

magnetic Wi ssociated, with each magnetic storage region are connected together in series such
that domalgrlg&%gag?/evgﬁ ’§§s%éfiah%‘é"v*ﬁtﬂ‘%g§ﬁq‘r%§"dﬁ% id rgéleo%%aegﬁ \’/Veﬁ]?oﬁ C{haquj&%%rs%he storage
region. Bysieavinedmsameticowegmatiovaitdad bglavedsheostatagedayenaaiselestedd myagnetic region is
written by bination of domain wall fringin Eiseld from the wires above d% belgw the chosen
magnetic r%eg%r?.r?‘w; r(F)I%I 5e e%?gc\f E’Feagnlgrnbs aorg'lt\ ?\ﬁﬁﬁt%%ﬂ ﬂaeg%%?&é?%cﬁﬂha? %Eéﬁtorage layer
can be contfeniad, regicadteanatigelyyrittean be comprised of smaller magnetic sections that are not
contiguous with one another. These smaller magnetic sections can vary in size, from sections that are
so small that they contain only one (or a small number of data storage regions), or they can be large

enough to containtzesedgsalicfiagnetiatatistayadeymgianshassoniatedwaiivane or more writing
tracks. In glpéﬂg{vé:j ggr@ggd@e% d%{\geqr%a n glign sr%tz:gjn ﬁn%g;c%g%%ﬁggr#% guch that the data storage

region (or regions S not exten eedges REGAS ction, so that the
detailed nuptiglogys avith sireperafttibe dtges shthicsentigneticruatdtifine memtharnmgsitade of the

magnetic fjelds ired, to, write the magnetic, region or.regions within the section. As a result, the
incvidual L S A S SR e S i B e B3 o
data storage regions), or they can be large enough to contain a series of

magnetic data storage regions associated with one or more writing tracks.

In a preferred embodiment, the magnetic section is sufficiently large such
that the data storage region (or regions) does not extend to the edges or the
boundary of the magnetic section, so that the detailed morphology and shape of
the edges of the section do not influence the magnifude of the magnetic fields
required to write the magnetic region or regions within the section. As a result,
the individual data storage regions are not "patterned"” into special areas with
particular shapes as in conventional MRAM architectures, but they rather reside
in an "un-patterned” magnetic film or data storage layer. Similarly, the data
siorage regions are not localized in small nano-patterned magnetic elements of
a particular shape and size, but they are rather simply regions within an un-
patterned, and otherwise homogeneous magnetic film. The locations of the
magnetic regions within the magnetic film are conveniently determined by the

writing element.

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

fields in magnetic writing elements may allow much higher local magnetic fields
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particular shapes as in conventional MRAM architectures, but they rather reside in an "un-patterned”
magnetic film or data storage layer. Similarly, the data storage regions are not localized in small
nano-patterned magnetic elements of a particular shape and size, but they are rather simply regions
within an un- patterned, and otherwise homogeneous magnetic film. The locations of the magnetic
regions within the magnetic film are conveniently determined by the writing element. One advantage
of an emhbdimerd pheatbpreseritisslosiomasiapeied darearveriamad MRAN desighs is that the field
required to write the magnetic regions in th terned magnetic data stqrage layer is influenced
only by O AHEGHEN o opLH i G ASER A No U (A GBI TRy Sl GlEbture of
nanopattetaeaditikagheticielemeiiidruthemmomntibedlsexfsdonainiagltnging fields in magnetic
writing elements may allow much higher local magnetic fields 8b than are possible to generate from
electrical currents passing through non- magnetic wires. This allows for an MRAM that can achieve
much higher densities than is possible with conventional cross-point designs. 8c BRIEF
DESCRIPTION OF THE DRAWINGS The various features of the present invention and the manner of
attaining them will be described in greater detail with reference to the following description, claims,
and drawings, wherein reference numerals are reused, where appropriate, to indicate a
correspondence between the referenced items, and wherein: FIG. 1 is comprised of FIGS. 1A, 1B, 1C,
1 D, and 1 E, and illustrates various embodiments of a magnetic memory device according to the
present invention; FIG. 2 is comprised of FIGS. 2A, 2B, and 2C, and schematically illustrates
expanded views of one data bit and its corresponding writing and reading structure as utilized by the
magnetic memory device of FIG. 1,
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FIG. 3 is comprised of FIGS, 3A, 3B, and 3C, and represents a schematic diagram and two graphs
illustrating domain wall fringing fields of the magnetic memory device of FIG. 1; FIG. 4 is a process
flow chart illustrating a method of operation of writing to the magnetic memory device of FIG. 1; FIG. 5
is comprised of FIGS. 5A, 513, 5C, 5D, SE, and 5F, and illustrates the process of writing to the
magnetic memory device of FIG. 1, FIG. 6is ¢ ised of FIGS. 6A and 6B, and represents a
configuratior-ofs sfeBIRAIE 2 device of the magnetic memory device of
FIG. 1, using a block of ferromagnetic or ferrimagnetic material; FIG. 7 represents a configuration of

an alternative embodiment of the Writin‘% device of the magnetic memory device of FIG. 1, using

multiple types difeMaragieat sescrfiagretehitemalion eies HedpasartehaRinge e of
another altefpapye RERQMIMENLAL Ihe: Wainfie vice he 1N agn el toRRIY Y LeasOfdi s, using

indentations (or alternatively protuberances.) in a track of ferromagnetic or ferrimagnetic material;
FIG. 9 is a (5o é58 WEWBhERSIRISIATIRIG BCMEHDE S DPEI AR O reAify RRRECRIGHFIHE magnetic
memory deyige Ok F15. dr ElGnAQLiS0BRRIISeA 81 1GS:ch0A and HaBaAndHuatrates the process of
reading data from the magnetic memory device of FIG. 1; FIG. 11 is comprised of FIGS. 11A, 11 B,
and 110, and illustrates different materials that can be used in the magnetic film of the magnetic

memory deviceqfs FIGs LofiGcla ik sliagram iissuaingheisee! anespvplnéar davgains in the

writing and reading tracks of the magnetic memory device of FIG. 1; FIG. 13 is comprised of FIGS.
13A and 138éded imastiatebamatemigive ephb 6rhBBEghdiRtalgnbr IFRTRBHHEABEIT FIG. 1
using individually controlled

2aul—Tnabs il V/ukicianioralallaava .. =ld-n

! FIG. 2 is comprised of FIGS. 2A, 2B, and 2C, and schematically illustrates
expanded views of one data bit and its corresponding writing and reading structure

as utilized by the magnetic memory device of FIG. 1;

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

memory device of FIG. 1;

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

magnetic memory device of FIG. 1;

FIG. 5 is comprised of FIGS. 5A, 5B, 5C, 5D, 5E, and &F, and illustrates the

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

FIG. 6is com'prised of FIGS. 6A and 6B, and represents a configuraticn of an
alternative embodiment of the writing device of the magnetic memory device of FIG.

1, using a block of ferromagnetic or ferrimagnetic material;

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

ferromagnetic or ferrimagnetic materiaf,



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. 10 DETAILED
DESCRIPTION OF PREFERRED EMBODIMENTS Conventional MRAM architectures involve the use

of discrete maglgs?%c gemor% elements with a particular shape and size that are lithographically
patterned by,, for BxarHpIes ConTeR RARLpREaN AP BRICERY Bative RAdweihs e trehinigng

Typically, theswirenfahselemertsarefabrcatadandopef W?%Qrﬁgfﬂ&%%th;BP %Esm%‘t‘i%%zas

transistors and acitors, which form circuits which are used for the purposes of reading, wri |¥19 and
interrogatindjfﬁgﬁﬁa{@ﬁé}ﬁ%rﬁé@céﬂ&w@ﬁ@ﬂm'&ﬁﬁﬁ@rﬁ@ﬁ@s@ﬂﬁéimm@éﬁr firlst, typically on silicon
wafers, and then the magnetic memory elements are fabricated, usually by first depositing a
continuous film across the wafer which comprises the magnetic memory element. The film is then

lithographically bttefhEPiRIO Fea§ I PhamdH detiogsaoe it ouflarandtivelbidefintosthate and

size which aﬁ;@@lig{@ﬁq\ég%p@qgﬁ%Wi%wgg%pa@swhich connect these elements to the
underlying electronic components. Finally, vias and wires are fabricated on top of the patterned

magnetic memory elements to provide the final electrical connections to these elements, Typically, the
performance offifie MaagelispRRANLISYEE. SAfeilivG thibe deiiad shapg.and size. of fne magnetic
memory elements and to their precise placement with respécat o the circuitry aBove sid below these
elements. THRJ e SRiaEcsn dhsZzeagnricansaty deuiefvelg well controlled. This becomes
increasingly difficult as the size of the elements is shrunk to allow for ever high memory storage
qapacities. FIG, 1A illustrates an exemplary high-level architecture of a magnetic memory device 100

comprising an tSaterieB0BYHiRGE FHagndiidili BoArT He Braandtitlustrates different
o materials that can be used in the magnetic film of the magnetic. memory device of
FIG. 1; '

" FIG.12is a diagram illustrating the use of a reservoir for domains in the writing ‘

and reading tracks of the magnetic memory device of FIG. 1;

FIG. 13 is.comprised of FIGS. 13A and 13B, and illustrates an alternative
embodiment of the magnetic memory device of FIG. 1 using individually controlled
registers to write to the magnetic film;

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

FIG. 15 is comprised of FIGS. 15A and 158, and illustrates another embodiment
of the magnetic memory device of FIG. 13.
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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 11
addition, each sectlon IS suffrcrentl large that the edges of thls sectlon do not significantly influence
the writing ottial Bl eSSl HKehe @ F T2 R Hpbh bRt Eher 8lly indicates that the
storage layer is contiguous over the array of storage data bits. Patterned regions are sections that can
be of any desirable shape, such as circular, elliptical, rectangular, square, or trapezoidal. Patterned
sections can alsedw frterendligh b ashipridereadrociverd eoves arf dalumtesrobdatibitse ey

magnetic memon Agv S vices,(also r ferr d to herein as rltlng
element) 20. The w&%r&%ﬁaev?e%@ § r?%ﬁn% rgtsae%d\,% maﬁqgﬁrae{gkﬁetéﬁgdaep oﬁ ft(/%%ét r%%%r?é{tr\g wires,
represented Wm@@]mmankemcbpﬁsatranﬁétﬁSelB@tr@S m{arﬂihréttngcketw@ndmnﬁrs&gi of magnetic

domains Wh | I [nates from pne ctlo netization to.the opposite
direction pre szlol{ﬁ%gt%eﬂégﬁ: f%o(rgttmoer?es orr%rg?rg 'i‘é:?(r%we next OI‘E-)o? rfﬂ'%cg)s Z 8 "Mi&tration only, the
magnetic doﬂmrt@ﬁen@ghbohra?@ trackssdwesshevoainebdo op pasitél Yonagnetigedvin rEtgaﬂé\tm&idln

operelon PRSI ELE ONEIS LR 0 B el e e et e gl
situated both above and below the plane of the magnetic film 1.0A. For simplicity of reference,
exemplary trac ) ferred herein a per. tracks b cause located
above the plankﬁ%%tgeggn’%%ﬁgn% & %% (rjntf)gr tyg; (&h lﬁlgry?rié%% ki gr[l%l ffag]r%/ l:r‘eferred to
herern as Iomégtt@feﬁw’tﬁenat}selﬂmyraeeatméaeddmmmbeajlgxmg Gfsthdepagnet@aﬂhfm}t;%de

film across the wafer which comprises the-magnetic memory element. The film is

then 21thographrcaiiy pattemed into magnetic memory devices of a particular and well
defined shapeand size which are aligned very precisely with wires or vias which

connect these elements to the underlying electronic components.

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

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

FIG. 1A Hlustrates 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 tayer 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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should be clear that the terms "upper" and "lower" are not used herein as limiting terms but rather for
illustration purposes only. In this exemplary embodiment, tracks 25, 30, 35, and 40 are formed such
that arch-like bends in the wire almost touch the magnetic film 1 OA. 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 bggi ina tra@k below the magnetic film. 12 The magnetic film 1 OA is coated with a thin

insulating layer- 154 oRa R Leidss Uideryriaranyahite, eHpem o s g &sfienaiditsdiottom

surface. Prefdgabiiyane grfiotirwise bath ef iesinsulatingdaysrs nay fopm the tunnel barrier

component of a magnetic tunnel junction for the purpose of reading the state of the data bits in the
layer 10A. An insulating material surrounds the magnetic film 10A and the writing element 20, and is

made during the'REOREES igating t [Ci riting element 20, to form a solid
state memory device. ﬁhgﬁﬁﬁg%sﬁﬁﬁﬁﬂﬁdﬁgﬁ%ﬁﬁﬁg gr%ef% ,etiw'éq' &?ﬁgﬁﬂ%ﬁich IS
comprised of ¥piifpaiRY Sintatias sietaris, Matereedsireipomareddrsthttaaidetisadny
conductivity gédhaispi n in:, C n ite different in magnetic metals. When
spin polarized eIecttgr%ﬁmﬁic%j%?y%d%%ﬁ%%ﬁrg@gﬁﬁhég%tggggil%dﬁ%%ﬁ5er1 %@%pﬁﬁ’?gﬁ;‘are passed
from a first SR BFEMBBRERSIGFHAIE Wl trie etheygide, teecuisertimcomesspoweaarized in a
direction aloggiiheSisegtien gfdmagnetization on the first side of the domain wall. The spin polarized
electrons then deliver spin-angular momentum to the oppositely magnetized material on the second
side of the wall which causes the magnetic moment on the second side of the wall to rotate, thereby

inducing the magpefggamaimwalbio JQyesin irection of the spin polarized electrons, i.e., in the
opposite direction to the current dire@rion, %Er magf)#t@%r%néjgégﬁgegg \é\’li%érf’r%r%%v'ﬁﬁ?e & current is '
passed in tH@fFE&%ijs@(ﬁi?é@ﬂbﬁ%h‘é’%iéﬁl@fﬁ%ﬂ@ will dibe wiotieg device 20 is comprised of many '

tracks made of individual magnetic wires, repres:ented by magnetic tracks such as
fracks 25, 30, 35, 40. The tracks are comprised of magnetic domains wherein the
magnetization alternates from one direction of magnetization to the opposite |
direction preferably along the tracks from one domain to the next. For purposes of
liustration only, the magnetic domains in neighboring tracks are shown to be
oppositely magnetized in Fig. 1A but in operation the orientation of magnetic
domains from cne track to the next track need not be correlated and may vary

depending on the history of the writing element.

In FIG.1A, the writing device 20 is situated both above and below the plane of the
magnetic film 10A. For simplicity of reference, exemplary tracks 25 and 30 are also
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 fracks because they are located below the plane of the magnetic film 10A. It
should be clear that the terms “upper” and “lower” are not used herein as limiting

terms but rather for illustration purposes only.

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

the magnetic film coincides with an arch-like bend in a track below the magnetic film.
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in the opposite direction. As current is passed along the tracks (i.e., track 25 and track 35) of the
writing device 20, the domains in the tracks are moved to the left or to the right, depending on the
direction of the current. As the domains move, the fringing fields from the domain walls write to the
magnetic film 1 OA. Along the tracks, each of the fringing fields associated with each domain wall may
be writing. However, the field of the fringing fields is chosen such that data is not written to a data bit

45 unless the 1§hﬁrﬁ§ﬁ@ﬁé@ﬁhﬁh‘@&ﬁp@0@m wihiedbibineating tagdringhefidls inptsetacer -
track 35 ap%%"é o ?er]ﬁg%% %P'{ ‘i? A@(@éﬁnjqﬁvy% ﬁ%stg{ﬁ % Pféﬂé'éh %Féa{é?gb‘?g damayn walls
on s att

regularly spaced tracks \ WI the domain orme oundarl etween regions of
the tracks rmstbﬁéumjtintbpﬁdbm@ed|miahsglemgrshmmawrm mmm badérswodpthagthefdomain

walls do noesRseily NEPiR be eauAtyspeced avRin I dAdhe damaln vpl e shown i

their quiescent tate sot are not wr| efhe magnetic & orage Sim: e o eratlon of the
writing devid¢ey2® id#ustrated by the detailed drawmgs in FIG. 2 (FIGS. 2A, 2B, ZG) The writing
device 20 is comprised of ferromagnetic tracks or wires such as wire 25 and wire 35 that are placed in
proximity to the magnetic film 10A. The wire 25 and wire 35 are brought in closer proximity to the film
1 OA by the ardkrlikeddetidg 'makmriwlrasrrAsﬁﬂusrmatethgaTe&kefﬂnniar@'ﬂpamkﬁsmﬁimwErkmmr@@metic

track 25 is Bris d of lurality of successive cfomaln h as exem lj mains 205 and 210,
magnetized e ChDo S BB A B e IR 21 Lo Gl ol SRS o uccossive
domains 21%220, elsoena@ietizddrim cammbsitetdieentmnsrqd@wr&m track. These magnetic domains,
205 and 210, and, 215 and 220, define domain walls 225 and 230, there between. The magnetization

q”ectlons of the domains 205 and 210, and, 215 and 220 are
When a current is passed through a. ferrcmagnettc metal, the current, which is

comprised of spin-up and spm-down.electrons, becomes spin-polarized because the
electrical conductivity of the spin-up and spin-down electrons can be quite different in
magnetic metals. When spinrpo.larized electrons (which, by definition 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 magnetized material on fhe second side of the wall which causes the
magnetic moment on the second side of the wall to rotate, thereby inducing the
maghetic domain wall to move in'the direction of the spin polarized electrons, i.e., in
the opposite direction to the current direction, for majority spin-polarized electrons.
When the current is passed in the reverse direction the domain walls will alse 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, fhe fringing fields from the
domain walls write to the magnetic film 10A. Along the fracks, each of the fringing
fields associated with each domain wall may be writing. However, the field of the

fringing fields is chosen such that data is not written to a data bit 45 unless the
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set during an initialization of the memory device. The initialization stage needs to be carried out only
once, after the memory has been fabricated and before the operation of the memory device. This is
accomplished by the detailed design of the magnetic tracks and by, for example, applying large
external magnetic fields in the proper sequence. The initial state of the tracks can also be established

by injecting ?P%getig grma{bns from the ends of the tracks, for example, from magnetic regions whose
magnetization CanTe iy be FotLRe ifrohe iairasnBines! it b ther fitnging figld in4iieldsismaller than

those which tezek &quinestitaichangestye aagaetic state of the tracks themselves. These magnetic
regions may, for example, be wider than the tracks since the magnetic switching field of narrow

magnetic wires or regions decreases approximately inversely with their width. Once a magnetic

ol I lecteARIL e e e AR STy BT AVEL S OPA AT AT LS D Paseig s curren:
|

pulse into the wire, By using a sequence of domain wall injection and curr domain
wall motion, A¥¥hhshkaCkE aeitha [ darsdesrabiishet thle iy eadhrieadie Qees theyloagrgtic

domains haye beprseataihkytheitiacks,d - ently, mqved only g sing_currents
through the tracks for thé@;urposes o?@?it%%gﬂ%%@?%%t%g %){a{}genéﬁgq(St %ra é@ﬁ%ﬁﬂ?@ﬁ%@fﬁ@
reference to FRGISEI S weWmrPal pesdssmstvciatstitnitie fengiag fietch288,antta seeond
domain walli23Qrs assesiated with fringing fiel 0 n baoth of the dgmain walls 225 and 230 of
the writing device 20 pass the regigr)n (al‘s’%1 r@fg?%a% 8}%%' gﬁgsﬁggﬁl&oﬁ?e&'ﬂég}g?f/o%?eqﬂ%\&ﬁ@@@ﬂﬁ’n
10A, the IarHéerﬁ%@f@?tC fiERemAating from the domain wall 225 in conjunction with that emanating
from 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 B8iEE28I_RIBEHRRIyTIting device 20 is illustrated by the detailed drawings in

FIG. 2 (FIGS. 2A, 2B, 2C). The wrfiing device 20 is comprised of ferromagnetic
tracks or wires such as wire 25 and wire 35 that are placed in proximity to the
magnetic fiim 10A. The wire 25 and wire 35 are brought in closer proximity to the film
10A by the arch-like bends in the wires.

As illustrated for exemplary purposes, the fefromagnetic track 25 is comprised of
a plurality of successive domains, such as exemplary domains 205 ai}d 210,
magnetized in opposite directions. Ferromagnetic track 35 is comprised of a plurality
of successive domains 215, 220, also magnetized in opposite directions along the
track. These magnetic domains, 205 and 210, and, 215 and 220, defirie domain
walls 225 and 230, there between.

L

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

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

The initial state of the tracks can also be established by injecting magnetic
domains from the ends of the tracks, for example, from magnetic regions whose
magnetization can readily be rotated from one direction to the other in magnetic
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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 st6fagsHIATADRaaIIBRIR WolRiag @1 e i ehegesith rgisanBiartatethbthaagnetic film
10A. The magnituge of the finging, fiel d g% )i t \rit] [ he
magnetic film 1 OA can be cdn%%éf @%%&??&I{r% it ?ﬂﬁifg ﬁc?ggtjlrgﬁw\%f %ﬂ%\énpﬁlgﬁvéﬂé 225 and
230 in the Wisttg dingedmmmagidditony tivb g ditdh dithg donedhg vedlc22%:is coregitied by applying a
current 25 C imilar location, of the domain wall 230 is controlled by applying a
current 255916%(&)%&9g %%a%lﬁoﬁs%%m 'llirt:/%%ﬁzg]t%@%@r\g’gﬁh walls 225 and 230 are moved away from
‘the magnetic bit 45 by currents 250 and 255, respectively, after the bit is written. The tracks 25 and

35, as shown i : 2A and. 2C. have notches on either side aof the _arch shaped regions in these
tracks for the p%%gs%s%o%ﬁ?ﬁg %i%%&tﬁ%ﬁnbeﬁieé& ](E%Crﬂgﬁ Wéﬁg Wen%ﬁ ae'?/ ?r%gﬁg)? Bﬁ’ﬁﬁ%sed for
writing. Durdvigrihe Witk apevatdry paissingpalsesestiphias uises2b0rand25fs,ayen appliedde the
respective - 5.0f sufficient magnjtude and temporal duration that the corresponding
domain Wz:llt:{fl @é@%ﬁ%é e move qrgﬁrgﬂépHE%%H%d [:c):g!s|t‘|:ci)or1moa}11no\rff’(-f-r‘1 Ef&@b‘%%é g?a]ije%‘%%aped
region to a sedonehmotchitdcpositosstabiish ethelusige athhezaiched shdpe dieggiotic Bonngte motion
of the domaj % efween the notched positions the domain, walls and their associated magnetic
finging el IE A B ot b 8 R ag et e S RIS R G e fim s
subjected towrkntretanuligedlizgddacks for the purposes of writing data bits to the magnetic

storage film.

With specific reference to FIG. 2B, a first domain wall 225 is associated With
fringing field 235, and a second domain wall 230 is associated with fringing field 240,
When both of the domain walls 225 and 230 of the wriéjng"device 20 pass the region
(also referred to as data region) closest to the magnetic film 10A, the large magnetic
field emanating from the domain wall 225 in conjunction with that emanating frdm the
magnetic domain wall 230 of the writing device 20 are combined io enable the

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

% To write to the magnetic storage film 10A, the writing device 20 selectively

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

magnetic film 10A.

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

magnetic film 10A. The magnitude of the fringing field 235 and 240 applied by the

15



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 1 OA is accomplished by the combination of the magnetic fringing fields
from the domain wall in the track 25 above the storage film 10A and that from the track 35 below the
storage layer 10A. In another embodiment of this invention writing is accomplished by the magnetic

fringing field WHRG AR Gifedbindiiewagreticdismg R remk etreriiodes bybmawdtiegrtiagnetic
storage fim L @fvel Ui ol i MABNELRLM 4 O -3 25 A conTayous and un-patterned
ustrated, for %écel%

S
magnetic film. However, in other embodiments, i example, i through 1E, the
magnetic films 10B through 10E, respectively, are comprised of multiple sections of magnetic material

each distinct frqm ther. illustrated.in FIG. 1 e magnetic film 10B is
comprised of a seﬁ%t%pﬁgﬁg%@%%%lgﬁw o'?‘é’Yl?zﬁ%‘gﬁ;’)ssW&Eeb %83?&5%9?5)@5%1%@?&03,
wherein a sifiglealabs BiestaybeSndetively eviittanicThesesedinam 104 202, 2QbnaEsigiskijbuted

along; and aal‘&ﬂ 'Qw}ﬁ’iéhe @r"?&ﬁtuf%“'g?#@?r% g:/[103\45 of writing devices within the writing element 20.

These sections 101, 102, 103 are su ntly large to contain only one magnetic bit so that each data
bit shown in FIG. 1A is contained within one section of the magnetic film. The magnetic bit does not

extend to the very edges tic ,sections, so that the writing fields required to write the bit
are not affected by the dﬂaﬁ]e%r;%&f gr?(? rr%%’r%%:@%él% %de\%%[iégr& VG GYRY Timibe, 103.
Thus, thed@@%@ﬁb%b&mﬂoan@ﬁm 208 dnmﬁﬁﬁe@mmimcﬁgﬂyt@l@ngdswﬂggﬁ_hﬂ}eb o
correspondipg 4RpPeE an ti - assocCi z ‘with each section, making the fabrication
of the memory device much ’s%rﬁ[)ggrg;aé%a@éﬁr? %ﬁi?ﬁ?”é? Qng'i%etﬁ‘é?ﬁc Oirifecasiigess the

’ arch shaped regions in these tracks for the purposes of fixing the position of the

domain walls when t'hey are not being used for writing.

During the write operation, current pulses, such as pulses 250 and 255, are
applied to the respective tracks 25 and 35 of sufficient magnitude and temporal
duration that the corresponding domain walls 235 and 240 are moved from one
notched position on one side of the arched shapéd region to a second notched

position on the other side of the arched shaped region.

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

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

In FIG. 2, the writing of the magnetic region 45 in the magnetic film 10A is
accomplished by the combination of the magnetic fringing fields from the domain wall
in the track 25 above the storage film 10A and that from the track 35 below the
storage layer 10A.

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

magnetic storage film 10A.-
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In the embodiment illustrated herein, a series of insulating layers 158, correspond in shape to, and are
formed on, the sections 101, 102, 103. However, the layer 15B may also extend beyond the edges of
the-magnetic sections 101, 102, 103, and may also be continuous, extending from one section to
another section. This extent of the layer 15B depends on the detailed method of fabrication of the
magnetic memory device 100. Furthermore, the layer 15B does not need to be precisely aligned with
the magnetic film sections 101, 102, 103. The layer 15B needs only cover the middle portion of the

magnetic sectigng- 101, &%el%%gﬁ%tt;é%%hw‘@ﬁ weﬁamggeéi%mﬁ%ﬂ?ﬂ%@ A ﬁ%wt%r é?rﬁ‘é'g”e””g
barrier for reading purposes. 17 A similar insulating layer may optionally coats the underside of the
sections 10h2gi02tid 680 Thiswptiendhingutating Hagémerady dlbostormad fanaztnopariier & ikithin a
magnetic typpel, %’??[éo?hree%wdé”%&?"%%%s' lﬂ?ée%’ﬁr%@‘%?aﬁg?é fns Oéggﬁk?e’] 1aor%]’ ppddGgntaina
single data bit'and intérsect with only one upper track and one lower track, the Tower track may be in
electrical contgitp it thie me arfrretigseittioneéaribh e sisoldtidin tayermbetweendtieemagnetic section and
the lower track is needed. FIG. 1C illustrates another embodiment of the writing device 20, wherein the
magnetic film 1 OC is comprised of a series of approximately rectangularly (alternatively square,

triangular, or aRgothenguitable)iskapeedsedtinhs; Be tHEOA ad06t invhileneld A singlepatzbdichaay be

and ronr U] ABAERA APk G R O BIEHEIEAB) NS DS er oo S0Mea of lectating
layers 15C whertsapoaihitesiateetio nanyg lsse ddentad nyifitteseclinrs €l 6d¢tlObs 106, S0Rild0P to the
where the GHBel AL 5550 Sorte  BHSA 8 916 e SBRSRY 104 LA Tgres = 1o
Alternatively;thie iyewitGyrmnmEntchtiguous between magnetic sections. A corresponding thin
~ insulating layer may,

These sections 101, 102, 103 are sufficientiy large io contain only one magnetic
bit so that each data bit shown in FIG. 1A is contained within one section of the
magnetic film. The magnetic bit does not extend 1o the very edges of the magnetic
sections, so {hat the writing fields required to write the bit are not affected by the
detailed shape and morphology of the edges of the sections 101, 102, 103. Thus,
the magnetic 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 series of insulating layers 15B,
correspond in shape to, and are formed on, the sections 101, 102, 103. However,
the layer 15B may also extend beyond the edges of the magnetic sections 101, 102, .

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

This extent of the layer 15B depends cn the detailed method of fabrication of the
magnetic memory device 100, Furthermore, the layer 15B does notf 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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optionally, be disposed on the underside of the magnetic sections 104, 105, 106. FIG. 1 D illustrates
another embodiment of the writing device 20, wherein the magnetic film 1 OD 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. 1 E illustrates another embodiment of
the writing device 20, wherein the magnetic film 10E is comprised of a series of columns, i.e., 110,
111, 112. In this embodiment, a series of insulating layers 15E, correspond in shape to, and are

formed on, the sesiiaisria0uiblihg1aderld 4y bethiaiembodiments sSbRWLIBRIG -eh%ﬁQ%Ethe
correspondiggén%bgtin layers 15D and 15E may, on the one hand, be limited in lateral extent to the

region of cl mity S TREQUSH & SHRIRCIRY SR E R GIRi T ap Lmag | b fisersthiey hardthive
contiguous h%ﬂ%@%ﬂ@iﬂhﬂ%i’J\Qﬁ@ﬁ&ﬁe%m&‘ﬂ)évw&re%%%rr,ndﬁ%é]a(ﬂ}?%?tﬁet 0:43531134Ng Jayer on

the lower surface of the corresponding magnetic sections. Regardless of how the magnetic’film 10 is
comprised of StriziaiaaR sét eﬁ@%&ﬁ%lgm withsuitficiengly farge tthak they behavedike an

un-patterned-zeiaaetie fon {e:enagvslmagec bile, My e Pephersl segion of he magnetc
section, i.e., the detailed shape and morphology of the edges of the section, do no mtGence the
writing of thEHailRaUaysTkpirepitb eomaeasiioapeticasanst theriventidratMRAdMsladth individual
patterned magnetic storage bits. FIG. 3 (FIGS. 3A, 3B, 3C) illustrates the concept of domains, domain

walls, and frine%ircgffield.s, as used in conjunction with the present invention. FIG. 3A shows an
exemplary layef 69 rhaghestaraanstherembishmentratksomitnatnicelémenh e26imtaeomprised,

with two magefig domaneioR aathal0uy el magnelizarions Hiigded along gpposite directions
along the x axis. The arrows, such as arrow 315, represent a magneti momerﬁ, or dipole, and
indicate locK iFaaREERBA @R CHBROUMe aiahetthaioméatieh thapaih Sosipomti.c., 104,.105,
0 106, wherein a single data bit may be selectively written. These sections 104, 105,
106 are distributed along and aligned with each “column” and “row” of writing devices
within the writing element 20. In this embodiment, a series of insulating tayers 15C,

correspond in'shape to, and are formed on, the sections 104, 105, 106,

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

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

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

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

formed on, the sections 110, 111, 112.
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to the right, while the magnetic moments in domain 310 point to the left, The domain wall 320 is the
region in which domains 310, 305 of opposite polarity meet. The change of magnetization 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 aptnr@mimaltelwﬂaﬂﬂ)dimeintmehm\dmed@iﬁﬁ THe pedk kadluesofrdwp cotpohesitaBig By,
and Bz of th fringing field B, gre illustrated in Fl funct on of. out-of- t T
fringing field %’%I p%éd?"}% tma ? cﬁ&%?ﬁ)ﬁ S ncéplqr%(i! d {ﬁ%gll’l Xltﬁ lﬁ?é %{%}6}0@%” QF

approximatelyog@ prosifiing ef directinn rJtQaEk@smcﬁrm@lmgé@ﬂtwﬁponemsﬁnrﬂtnﬁaﬁ@@mmVery
high in the region of the d maln wall 320, and dro %P Sﬁld%{ distance from the d aln \%all 320.
ConsequentRf; AROBGHOIY REl eSS Reidnoel MhHTitfci e 5T 83 SR o a &

magnetic m%@ﬂ@élﬁg’s‘léﬁé@'U@@ﬁél@@é@@@ﬁa&@@ﬁﬁ@&@@rﬁ%&dg arxdspatialectivation of the
components of the fringing field B depend on the details of the spatial variation of the magnetization in

the domain wall 320. The distribution of the magnetization within the domain wall depends on the

magnetic paranpeiges Gk thednReRElie Mrighad iihe 1oagneliajayed eompasmgﬂbgrmagnetic tracks of
the writing element 20, particularly, the magnetlzatloné&% ome er unit volyme),
magnetic anfSGHBpY: 4ha frctioneryt Itftireniiglsiae h% § b HHi RIS d width of

the magnetig dyRiid hetia e fgltdia HegshiiwbIie magogtlm@g@r@qwr&ure@emmhenc film 10.
When the domain wall 320 is moved close to another maﬁgnet ¢ material Ege Iarge frl{;g‘igegﬁfle d B of

the domain WABBSHCCRERIES i diE R IR RRSARE CARORNSTR 9 2 EHaterial,
effectlvely "weiting i@l tisduagaetistmateriale THisvidual magnetic bits, contrary to the case of

conventional MRAMS with individual patterned magnetic storage bits.

FIG. 3 (FIGS. 3A, 3B, 3C) illustrates the concept of domains, domain walls, and
fringing fields, as used in conjunction with the present invention. FIG. 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 directions along the x axis.

The arroWs, such as arrow 315, represent a magnetic moment, or dipole, and
indicate local magnetization directions. The magnetic moments in domain 305 point
to the right, while the magnetic moments in domain 310 point to the left. The domain
wall 320 is the region in which domains 310, 305 of opposite polarity meet. The
change of magnetization 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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domain wall 320 can be moved within the magnetic wire of the magnetic track of the writing element

20 by passing a current through the magnetic material of the magnetic wire that is perpendicular to the '
domain wall 320. The magnetic moment direction of the domains can be either along the direction of
the magnetic track or perpendicular to the direction of the magnetic track of the writing element 20.

For very narrow tracks, the preferred direction of the magnetic moments are along the track direction.
A method 400 of the writing device for writing data according to the present invention, is illustrated by

the process fl rit.of F1G + idered in enjunctio ith FIG. 5 (FIGS. 5A, 5B, 5C).. The
domain wall am'ﬁgigﬁ)%'é?efééﬁa%@@%%ﬁ%gge%t%éIgg’aarggsﬁvgvﬁﬁnvgréft}i@%é[ﬁ?}b%éﬁ%ﬂW\ﬁlfr#ﬁe[he
magnetic tréeRalitsitd 30irrR0tegicri5api i 6:ISA) shiheawriingideviea 20 in&llG2B. A request to
write data i i maor . At block 405 of FIG, 4, the memory system translates
the data (O%Cr)r{%%\t{(%%vgyém%ﬁﬁegg] aﬁ %%[%n@ iP%ﬁ‘g%%%&‘?é{ié ?éegﬁhf BRI Wik Fbeive a magnetic
moment poingigietightd & sighn dnagueteimoment (on a maghetednasenripeimting left (a left magnetic

moment). If, at decision block 410, the data bit 510 is to be written with a left magnetic moment,
method 400 proceeds to block 415. At block 415, a current 515 is applied to the track 520 of the

writing device 20ernietitied Mapoitingethadeptinlwak His theepesitiverdirastion iblog ), as
noted byt irectional arrow of cyrrent 515. Track 520.is located above the magnetic film™ 10. In
response tﬂgti?eggg%ﬁggt?gﬁno%guﬂ%iﬁ%ﬁ?%?ﬁﬁﬁﬁfﬁ’%Y@%%T(bqg RidhedaYetira e ititesregion 505
(FIG. 5C). #4BG18B whib\#2aheTtensivivel GRbfahaninierstediase PASimBalwea g auiescent

ég g&%nd he writing, position ir} FIG. 5C Concurrently and in a similar manner, a current

EZ? ig).nag]p#:iedeto 3 Fack S AP PGERPIRE HdBRSTIRIMAt iRt JEmBIRIGEIS BYeECk 520.

The end ofchisreieavg file magnetic tracks of the writing element 20, particularly, the
T magnetization (magnetic moment per unit volunrie), the magnetic anisotropy and the
strength of the magnetic exchange, as weil as the thickness and width of the

magnetic layer.

The fringing field B is used to-write magnetic regions within the magnetic film 10.
When the domain wall 320 is maved 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 o the domain wall 320.

The magnetic moment direction of the domains can be either along the direction
of the magnetic track or perpendicular to the direction of the magnetic track of the

writing element 20. For very narrow tracks, the preferred direction of the magnetic
moments are along the track direction.

A method 400 of the writing device for-writing data according to the present
invention, is ilfgstrated by the process flow chart of FIG. 4, considered in conjunction
with FIG. & (FIGS. 5A, 5B, 5C). The domain wali and its associated magnetic fringe

fields are shown in a-quiescent position within the magnetic track outside a write
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current 545 shows that the current is flowing in the direction into FIG. 5A, 5B, 5C. At data bit 510, and
only at data bit 510, track 520 and track 540 are both in close proximity to the data film 10. A current
545 is applied to track 540, moving the fringing field 550 within the write region 505. The magnetic
fringe fields 530 and 550 write to the data bit 510 (block 425), changing the direction of the
magnetization of data bit 510 to point in the desired direction. The currents 515 and 545 are then
applied to traeg& 6D and s G A oftkSoyiso gthiavtbe 2ngindGieid 7522 andt 36Mwite rmoied from the
region of the gaé%gci} E?l?h The frin in% f{elds 530, 550 may be returned to their prior position or moved
530

further down their respective Fack ,6’5“20 (block 435). 21 The writing device fringing fields 530 and

550 remain in close proximity of the magnetic film 10 for only an instant, or a predetermined period of

time, that is sufficient to write, to the data bit 510 of the magnetic film 10. The magnitude of fringing
fields 530 and %%@ﬁgéig\%%ﬁﬁgfﬁo tt&ﬂ)'i‘?%'ﬂ?% RYRIE BRI Tl edmiai AV #s 520 and

540 are in proxéthity théheataagnstic stofagentlgnds HahedatadutidDvisitodee veiten yytadight
magnetic moment at decision block 410, method 400 proceeds to block 440. At block 440, a current
515 is applidd ¥ e RPYE g AItIGr A g Etie s 88 b Qi RIbE AR WaAE 5 tolinevefin the

negative dir¢gtion htegletdd mombinging beldLa0ds shitRdwithindkrarie reaios 8054 FGtSP)-
Concurrent%{.ﬁgdgn a similar manner, a current 545 is applied to a track 540 located below the
magnetic filf' T2 SRR HES PRYGERARHRL I HROL 456, NPaseBitsRPehd by 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 frin i? fi%?d 565 within the write region 505. The tip of the current 545 shows that the
current is flowin% gu? e, 3pVrERisE SRRt tith e feRilso hp 4sbBdWRyIfs the tagnetic
- film 10 (blooki@58), chenginerhiadirestion:afsbs magselieating afcaiarhbRddennindmifiedight

by the directional arrow of current 515, Track 520 is located above the'magnetéc film .
10. In response to the application of current 515, fringing field 530 is moved to within
the write region 505 (FIG. 5C).

FIG. 5B shows the domain wall 525 at an intermediate position between the
quiescent position in FIG. 5A and the writing pos'ition in FIG. 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, 5B, 5C.

At data bit 510, and only at data bit 510, track 520 and track 540 are both in close
proximity to the data film 10. A current 545 is applied to track 540; moving the
fringing field 550 within the write region 505. The magnetic fringe fields 530 and 550
write to the data bit 510 (block 425), changing the direction of the magnetization of
data bit 510 to point in the desired direction.

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

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

N The fringing fields 530, 550 may be returned to their prior position or moved further
down their respective tracks 520, 540 (block 435).
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direction. Currents 515 and 545 are then applied to tracks 520 and 540, respectively, and the domains
are moved away from the data bit 510 (block 435 of FIG. 4). In another embodiment of the current "
invention the tracks 520 and 540 in FIG. 5 are fabricated as straight wires without any arch-like bends.
This means that the magnetic storage film will always be subjected to large domain wall fringing fields
even when the domain walls are in their quiescent position. In the embodiment shown in FIG. 5, in
which magnetic teginnitingedwritteribyging Gieltin aB6raotiniagnetindimgingdfields Ssomigamaias in two
tracks, this |ﬁ%§$§%}glﬁﬁ qg%y%h |Iess desirable than in the embo imegrlgzt)qsh wn in FIG. 5, in which
the arch- like S Brevent Istgs tHngihy fistbs #bh Qﬁ?&ﬁ AY 'BRHE difiifr @kt during the
writing processliei2 Mhe propertiéssof te pegnetis sierags; fitadlandahewritng dayice0 are
chosen so t ﬁlt'athe fgn?ézngﬁgﬁld fr?fﬁl‘}ﬂjl?%%le domain wall is not sufficient to change the magnetization
direction of the aghelizats A Enate &8 rogddii e AR dtnar esrpidiveaR Eown in FIG.
6 (FIGS. 6Ad6Bithevalisitrabrpat Dendssineaeiraek @Rty GdArreraghardyiiagoah 10,
ferromagnetic blocks 615 and 620. A thin layer 625, 630 is formed on top of the ferromagnetic blocks

615, 620. The thin layer is used to determine the spacing of the ferromagnetic blocks 615, 620 from

the magnetic filihthe. Gitesiitte wiingievieashoud BogHeRERpkRe balaaicILonIac L the
magnetic fll%jgo,rgaxce t possibly when the magnetic film is divided into sections corresponding to
one magnetic Bit A8! E\{@HQrPﬁcf@%edf BOAAck #4dnbtkin tydt &5 coge it rRiplisd iothan

insulating mageted Htatawaybearantioregs sTithdhe-inse ing SpieTakinaEsUEHAdS thepriting
device 20B and the. m.?%‘ etic (‘il@c 0, The domain wall 635 is pushed to the middle of ferromagnetic

blfock 615 b)?‘ﬁ%] WGrrarRE80. P fbsliment shown in FIG. 6 may be easier to fabricate than the
embodiment shown in FIG. 5. -~ ' :

A fringing field-560 is shifted within the write region 505 (FilG..-5D). Concurrently |
and ina similaf-manner;' a current 545 is applied to a track 540 located below the
magnetic film 10, oriented perpendicular to track 520. At data bit 510'and: only at
data bit 510, frac:k 520 and track 540 are both in close_ proximity to the data film 10.

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

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

even when the domain walls are in their quiescent position.

In the embodiment shown in FIG. 5, in which magnetic regions are written by a
) combination of magnetic fringing fields from domains in two tracks, this is acceptable
although less desirabie than in the embodiment shown in FIG. §, in which the arch-
like bends prevent large fringing fields from impinging on the storage fifm except

during the writing process.
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In a further embodiment, the homogeneous ferromagnetic or ferrimagnetic material in the writing
device 20C can be replaced by inhomogeneous ferromagnetic or ferromagnetic material, as shown in
FIG: 7. Track 705 of the writing device 20C is constructed of alternating types of ferromagnetic or
ferrimagnetic materials. For example, blocks 710 and 720 are formed from one type of magnetic
material while blocks 715 and 725 are formed of another type. These alternating types of
ferromagnetic or ferrimagnetic materials serve to create defined regions in which the domains in the

track 705 reside-in their quiescent position. The magnetic moments, of blacks 710 and 720 are aligned
in the same dirzlél |oer£J rsogqﬁ]rg %8%.’?%{‘&8 ST ggr%)%ﬁgﬁ tlg(lj"?ﬁi tgan\’(\-f\ﬂ qﬁn?ﬁ‘ﬁ%ﬁf?ei@ﬁ% writing
device 20C isfindhe quitsaethestatgisNMtinghtotisénaiaghetieitivwaOissrestraieti aghbyonaowingdhe
domain wallg,along the magnetic track 705 by passing a current al this track. When the domain
alls 730, 748 O SHEUEATE] BEDICSIon SroEGuERT oGt (1A e P PAREL RO br
direction along the track 705, the corresponding domain wall 730 or 735 is brought to the writing
region 740, Wheﬁ—:' the ﬁ%%ck isltglﬁlose proximity, to ihe magnetic film 10. The track may be designed,

for example, by Madiy It SHAWE pRdxiffit) 6 e a8tk Rigiolhs £0CE s iRREAL 88 i
wall preferalily eeasidesdk €05, positioe asldeadivgsdsseapnsheuran pussidenovsthgdemminwall

from the writj ositio its quiescent position, away_from the writing region. Although only the upper

track of the iﬁﬁfﬁayﬁ\ﬁ@? Q%wiésgﬂﬁwﬁ ISP f’,féh%ifﬁfrm@reﬁﬁﬁ%%@o Be%hdded. This lower

track may be positioned at an angle to the upper track. The writing of the data region740 is only

carried out Wheggtgi%region iS subjected to a combjnation of magnetic fields from domain walls moved
I

tq the writing regiBR IRBOTTHE et QrFEHBH PG SRAREY 1 PrefSiatAaR e BEtsmaan in

either the uppeD drolowtBe traelBdE it MOVEthie the: Witing regiar: Kb 188 Hatdhaspsionydis

subjected to a} first ma%netic field. ﬁubsequentl¥_, the second domain wall is moved to the opposite-

side electrical contact with the magnetic film 10, (except possibly when the magnetic tiim

' is divided into sections corresponding to one magnetic bit, as shown in FIGS. 1B and
1C) the thinJayer 625, 630.may be formed from an.insulating material that may be
contiguous with the insulating material that surrounds the writing device 20B and the

magnetic film 10.

The-domain wall 835 is pushed to the middle of ferromagnetic block 6815 by the
current 640. The embodiment shown in FIG. 6 may be easier to fabricate than the

embodiment shown in FIG. 5.

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

constructed of alternating types of ferromagnetic or ferrimagnetic materials.

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

applied to the magnetic film 10 when the writing device 20C is in the quiescent state.
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of the writing region, or is moved across the writing region 740, without stopping. This method may be
advantageous so that the timing of the movement of the domain walls in the corresponding upper and
lower tracks is not so critical, as when both the domain walls in the upper and lower tracks are moved
concurrently through the magnetic writing region, without either stopping in this region. In one
embodiment, the domain walls are moved so that they are situated over the data bits 740, 745 for a

time determinetMb{iRgdadhadnagnetie flsds. srafisd pukbinoosinthd ecstaaiainabtiingiondields
730 and 73 e imilar. r LT ul main walls
along a cor%gqgr% ingﬂ'ﬂ}%gégke%(;%%ﬁp?n%?n%ﬁ?:egm&fg)qggﬂ%% t eﬁtg?#]%in%@ﬂe dY rgrﬁgtrﬁ}ea l&o\fvn%!% wall
below the Mdagnédié fiffi TPHEW &y camdinatatyoiittotise ftamiabdee thiedayef 10is24)By mﬁustinhg thhe
time of arriv, : i | d.thei ogiated fringing .fields, the len ftim which the
combined figfﬁéprﬁ 't%gﬁ d%&égﬁ@g% ?é%gggiééénﬁc}%g%‘ng Brevs\% e%ﬂ{%gm(%j&l%'tﬁ]cvr’agy;ﬁ% %ri%zatsadjusted.
It may be advangigdolubaovhve ditferentdstyevitths bidriraikgdieldsdsen tivaihitg thothain walls above

and below T, i Il fringing field can be readily,varied either by yarying the
physical ser@% tﬁ%ﬁ&o ﬁt)rk‘?eq?r%lcks ?o%%ﬁgﬁren?gygﬁ% %]lggi?%afr%lrn%gé} opar i_é’lél 6 ﬁ]éi}%{éﬁgﬂc
material fromid¢hitthitiee prasks ity e fabe citedreg oy vatingpthieashiapel candli sives (e erféhighpess and

width) of th : : iment, the magnetic regions or domains 710 and 720 can, be
combined a(?r?g%gér?nﬁ;} @g%g%gnﬁé%ﬁaggneﬁ?cq%Ee[%r?aﬁeﬁ?g (én%% H% ?85%8&8 gt Be%}%@e‘f@F are
formed fronirem alterwaittmmagﬁétdmnmtmriqmmﬁemnmhimm@wépmmmmmm@m track 705.
There is no need to have a means of providing a pinning potential for the domain wall directly above

the magnetic film 10. The writing of the magnetic film 10 can be performed by simply passing'the_
domain wall ardiltits Lassocitdaeftingiagt frelld obtiretiveritivag deticBlPOLD iwithoutrstap®gthg domain

wall above Hheybit 19,06 WUy also be added. This lower track may be positioned atan
angle to the upper track. The writing of the data region.740 is only carried out when
this region is subjected to a combination of magnetic fields from domain walls moved

to the writing region in both the upper and lower tracké.

It may be preferred that the domain wall in either the upper or lower tracks is first
moved to the writing region 740, so that the region 740 is subjected to a first
magnetic field. Subseguently, the second domain wall is moved to the opposite side
of the writing region, or is moved across the writing region 740, without ‘stoppingz

This method may be advantagecus so that the timing of the movement of the domain

e

walls in the corresponding upper and lower tracks is not so critical, as when both the
domain walls in the upper and lower tracks are moved concurrently through the

magnetic writing region, without either stopping'in this region.

In one embodiment, the domain walls are moved so that they are situated over
the data bits 740, 745 for a time determined by sequential current pulses. The first
pulse moves the domain wall fringing fields 730 and 735 near the magﬂeﬂb fitm 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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In general, the track used to provide the domain walls for writing the magnetic bits into the magnetic
storage film 10 is designed so that the domain walls reside at well defined positions away from the
writing positions in their quiescent state. The positions are defined either by shaping the wire, for
example, by forming notches, where the track width is slightly reduced, or, alternatively, by
protuberances, where the track width is increased slightly, or b?/ forming the track from regions of

different magnéticanieiingsibatHrarerartimmghéie properissiisroinpie sarraaitiagesizations
and / or magpetic %@s@ﬁ%@heéqu ER'WH'F&W%%%BHBG%“HQB?% jrb@ goppadimand g c@@g

shows the use of both notches and alternating magnetic materials to define the position

domain wall§ 888 @wé&m%mmﬁé khisicé bPanioh aksterls ligea ey atégaagsartiediarly on
the method g %f@r@ﬁf%ﬁ’(é Rg’ of %Hﬁ#(ﬁ%ﬁ%&é Aogig %f’df%@ré?ﬁ%&I@_S%%%k@sﬁ’dtlﬂé%he

domain walls reside at particular places alo e track on either side ot the writing positions, the track

can also be taediyeed Dy lisirdothe iplacehidngioprfiaghetis heteddifyordriesheifing thyevantkgso that
the domain wall wil i he yyritin: sition..n.t tter ,.ane. current pulse,.is used to
drive the dom%iﬁw\kgﬁ%%srrng%%e% to rtthoe% m%eggﬁ%%s%%g tFp%sl%t'o‘ljr?sq(;{(f) %ﬁe% %\/}ll pr?gm&logsﬁjﬁﬁ%% rtéesse?s:ﬁnd
current puls#is megdedial rivaienal tomairhivhlt feotratiie writifighpositeshdo loneaof the tuiesean state

positions (thiﬁ1 H@%eb@_tggei ﬁ'ﬁ]{%ﬁ rﬁéfaﬁ??ﬁ (gﬁzi%aqﬂéqpé (\:/%Qich the domain wall was first moved or this

may be the quiescent p e writing position). Furthermore, the tracks above
and below the magnetic storage film can be designed differently so that one track may have a fixed

A e s SRS e S e
the purposes of writing a magnetic redion. in e magnetic film 10 a current pulse may  first be used
in one of theeratiead anvdarderhéinvaiieonhgnetiting gesidbr rethisgradic regions 715 and
- 725 together are formed from an alternate magnetic material. This pattern may be
repeated throughout the track 705. There is no need to have a means of providing a
pinning potential for the domain wall directly above the magnetic film 10. The writing
of the magnetic'fi%m 10 can be peirformed by simply passing the domain wall and its
associated fringing field near the magnetic film 10 without stopping the domain wall

above the bit to be written.

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

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

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

ease of fabrication of the tracks.
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Then, a current pulse in the corresponding track on the other side of the magnetic' film may be used
to drive a domain wall across the writing position from one quiescent state to the other. Thqs, th_e
magnetic bit is written by the combination of a static field provided by one .domair) wall frlnglng field
and a dynamic, or moving domain wall fringing field provided by the domain wall in the opposing
track.. As a result, methods of precessional rotation of the magnetization of the magnetic b|t_45_ can
be used by first!agsigifignvimiiedecadimaitneviih fingirbdielde tlomainevsaskssiduaticomagngtic field in

irecti ' ' |} fringing fields from the second track, a dynamic
M ek T S L RS e A —
fields will depesigrtitiey ssingttine pidoe magnsftic.aoneio watewhish ip fumawilbderans.andhe

netic jes.of the magnetic materials forming the track as well as the detailed shape and_
gi];g of ;heeﬁgcgzlf,q{%d NG ‘ﬂé’ys%%a\ﬁvéﬁvxa/ita%rgﬂ & AldgRtindiBASI 9 he ‘SphalelaFiaRss: SFBe fringing

fields can bedreeeryinied sy ictamedginetipsitutatianeeal flin BAGHSHASHURUER Of dpgdrack. 26
variation within the domain wall can be complex and

i ' how that th etizati , _
can very sigTTTy B Vo LA HE LR E.8 SHRHFE O S0 4EN B deAcatFis: the apatia
distribution dbtheidomaiﬁmmltﬁéngmﬂﬂﬁqi@%itﬁﬁm}bﬁaﬁgttﬁﬂﬁ@ﬂﬁ@ﬁﬂ@%{gﬁggﬁg&%@ﬁﬁgﬁ%

icular, d di th details, the sign of the domain wall fringing fie ‘
Whether the B AR IER 15 RGO B i CEATGHELY et sy QBB Wi dFELABVEMOHin of the

domain wallnBlius: the deladedmroocetisie oforwkﬁimmﬁj@@ﬁmﬁ@w@m@fﬁdgﬁ%%e magnetic storage
film 10 will depend. on the detailed magnetic structure of the domain wall and its ‘associated fringing

fields. The detailed structure and composition of the tracks which comprise the writing de\_/ice_ 20 _vviII
influence the distrittiaroad ntaghetizatiobdodhe dorrin Wallsareh diss tha somainwalh i inging field

:g_jistribUtion.dWég gsr’iélaedr 'e%%ﬂ‘ﬂ? ggt_ ea[cnoa '@nﬁg%?(ﬂr%gy? fha\/e a fixed position for the domain wall
during writing and the other track may not have such a position. Thus, for the
purposes of writing a magnetic regior_a" into the magnetic film 10 a current pulse may
first be used in one of the tracks to drive a domain wall to the writing position in this
track:. .

;

Then, a current pulse in the corresponding track on the other side of the magnetic;“
film may be used to drive a doméin wall across the writing position from one’
quiescent state to the other. ‘Thus, the magnetic bit is written by the combination of a
static field provided by one domain wall fringing field and a-dynamic, or moving
domain wall fringing field provided by the domain wall in the opposing track. ‘As a
resuit, 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 frack, a
static magnetic field in one direction and then, using the domain wall fringing fields

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

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

magnetic structure of the track.
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the written bit 45 will depend on the detailed structure of the writing device 20. Therefore, the direction
of the magnetization of the bit 45 can be designed to be largely along one of the tracks in the writing
device 20, e.g., the along the direction of the upper tracks or the direction of the lower tracks, or can
be designed to lie along a direction at some angle to the upper or lower track direction. The magnetic
material forming the tracks can be comprised of various magnetic materials such as Fe, Co, and Ni,
and binary and ternary alloys formed from a combination of these ferromagnetic metals, or from alloys
formed from one or more of these elements jn combination with other ele entj}%h{if?z%n, for example,

for the purposes GERrOVHY PiGHer Matibtiiemiegnahsa sHckatalinagritia RIAGTR fields
from the domainwalbaepends or e widt@iithe somainfvak and pt¥picallyhiogreasesasigisomain

wall is narrowed, it may be advantageous to form the tracks from ma(%gletic material with hiqher
€,

magnetic arfsdioHF Bdn @i bBHSnEE raatialidirldrEoncd Sir Fararineyabl Bainsie dge

magnetic ar&gﬁtmgpgﬁﬁggq@%@@qﬂ%,@wmw by combining these elements with Pt or
Pd. 27 The domain wall fringing fields will also be increased, when the magnetization of the magnetic

material is higher, so it may be advantageous to form the track from alloys containing large amounts

of Fe and Co. whighNu aBeEmAgIRH7aNan alifs Rl Diealaisn st R Malsgilforming the

track will also influence the magnitude of the current and the length of the current pulse required to

move the dBRESTARNISENBAE He\waeiierthe ARRaEhBgReE IR SHieRe T4y thaXurrent
pulse magnﬂ@ﬁ@rﬂf‘@n'ﬁﬂgmréﬁ?i%%( fRdaenImiaryothedampingrastaneldbe lRagnelicmaterial is

important in in uencing the magnitude of the current pulse required to move the domain walls. The

damping fadfraise VR eReny i pRstore Hadhett saamliap it e dhsiich o deeuhimibeals as,
for examp|edQ@@&%@h&i@s%@ﬂ}@%ﬂﬁ@@@rﬂg%%@l and its associated fringing fields.

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

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

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

! obtained from alloys of Fe, Co and Ni alone. For example, the magnetic anisotropy

of Fe and Co and Ni can be increased by combining these elements with Pt or Pd.
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An important advantage of using current pulses to change the direction of the magnetization of the
track by moving domain walls thereby, is that current pulses of reasonable magnitude can be used to
move domain walls and so change the magnetization direction of regions of the track even under
circumstances where large external magnetic fields are needed to change the magnetization direction
of the track. This is because the method of changing the local magnetization direction is very different

whether using eXtesridmzignetit fieldingr fdonsainwadldringingriieleisd THRAREKS MAYRS-ation of
Iithographicatll f%bgicr?é d so Ehat f[he choice of the ma%;etic material forming the track will be
influenced by the Metiod BROSEIR tSaIsHESthE TRLES peVeRAABRSHM & Belrimaafoous to

form the tracklitrpsnca mtaiterigl rafdieh: e BIoRed eies AYHRACHYS AN FEN NG Gr by WS chemical

etching or by ion mﬁ#in }{,ur hermore, it may also be advantageous to form the tracks from material
which does H@?‘é‘?ﬁf aé% SiOHGRREG Y 1h6rIRatBRebfone naclts Traskradkatsayinieonmtized of a
single magnetisdalyes bt itBay berRavaMag s foioms e tEek i r%wgql'&si%ﬁ&m%neﬂc

S Wi

layers. For example, it may be useful for the purposes of moving the domain wa smaller
electrical 2@8{9?%%@’?(%3}9'1%@&%- conductivity of the track so that the conductivity is higher at
the top and bottom surfaces of the track. This will allow for an inhomogeneous current distribution
across the cross-section of the track so that the current may be higher at the top and bottom surfaces
of the track. Fof BRAHIET tHE HHHARIFANSAEy Rk iBAdAESs sheecirag T omishesagfitete ahthe

track, due, fewregmraﬂéemi@IW@%@.GQ@YEHP%?Q@'H%%%@%E&‘ir‘“@f"ﬁﬂ%ﬁft@gﬁEtfc%g{‘etr%ﬁ]ﬁ‘ssmes at the

extremities of the track may allow for a lower overall current throug 0 move the domain

walls, SmallSPRAHBAL LI HE04 e JBs U BB iHEsCHER Will TeWep threarargserbtjuired totheove the

gomain walldsieng thaidracks Jaepingingefrdaman wallsAbpYUsHE IRSATIONsAlong.ihe track may
- be o . : i ‘
T with transition or rare-earth metals as, for example, described in U.S. patent number -

6,452,240.

~ 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 walis and so change the
magnetization direction of regions of the track even under circumstancﬁés where
large external magnetic fields are needed to change the magnetization direction of
the track. This is because the method of changing the local magnetization direction

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

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

it may be useful for the purposes of moving the domain walls with smaller electrical
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effected, as shown in track 805 of the writing device 20D in FIG. 8 by introducing indentations (or
protuberances) 810, 820, 830 along the track. The indentations (or protuberances) 810, 820, 830 are
placed between domains 835 and 840, 845 and 850, 855 and 860, respectively. These indentations
(or protuberances) 810, 820, 830 serve to fix the regions in which the domains in the track 805 reside
because the energy of the domain wall depends on the width of the track. The indentations (or

protuberanc@s} 83 £2(h 1§30 ccaBNaRf 2By dhysieg! dotr:thalcrrovides: anpinaing petantial for the

domain walls. As shown in FIG. 8, the indentations f(or protuberances) 810, 820, 830 are on both
sides of the WiRGHIEMdRPARL B RIRHAETEIG! thEy'@%K 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 quiddeet sibeus Rmen itheyaesnsonktivg SRHEIRBIBHL bR EIeEIBRARSS #85Y Hso be
placed a'°”8ﬁﬂ?et€?§5ka§5‘1ﬁé’t’ﬁi’iié'g;upféﬂiﬂ%,‘?("&é'FH@H@F%Q & Gp 8 hy thatindantations ihe

protuberances) 815 and 825. In the present illustration, indentations (or protuberances) 815, 825 are
placed in 29rélekse prox@aty Ristiberirmait WrisLoab SXBEgNEeSARIR BF 3 fieids 68525870,

875 that are uged fowitg (0 the MAgRBc IMoLAMAIEN AR AN QBHBIECUNE ThAS RRRHE higHERcK

805, the fringing fields 855_5 and 870 (for example) move to indentions 815 and 820, allowing precision
placement ofuffe itingingirgdtiiha ritispiteasddiadrmctheayiaigWdorce g bvaialesrgnt

combination,aiiReY ELIOMAABGHSAL (RIMBRINENS MRllRls Withedeniadana s geatiperances.

In another embodiment, no indentation is made along the tracks of the writing device 20 at the writing
positions. Theumitegtosheitagiesdbdilpnamisraaniesedo SHapR By Meviag the torangwails and their .
associated fringing fields close to the magnetic film 10 without ever having the domain walls stationary

‘apove and below -

The pinning of domain walls at particular locations along the track may be
effected, as shown in track 805 of the writing device 20D in FIG. 8 by introducing
"indentations (or protuberances) 810, 820,830 along the track. The indentations (or
protuberances) 8§10, 820, 830 are placed between domains 835 and 840, 845 and
850, 855 and 860, respectively. '

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

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

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

they are not writing.

Indentations (or protuberances) may also be placed along the track at the writing
positions as illustrated in FIG. 8 by the indentations (or pretuberances) 815 and 825.
In the present illustration, indentations (or protuberances) 815, 825 are placed in
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the magnetic film 10. The local magnetic fields of the fringing fields can be very large and can
approach the magnetization of the material, 4uM. In disk drive magnetic recording write heads, the
maximum achievable field is about 4rrM of the magnetic disk material. Disk drive development seeks
to make the magnetization larger, making larger magnetic moments and larger fields to ensure
adequate writing to the disk. In the present writing device, the magnitude of the domain wall fringing

fields is relalegecoteimignitibe oftbestiatiirialigsed fix the writirgréeriee 20duasakiieldssef several
device can write strongly and reliably to

thousand o re achievable, Consequently; the writin

the magnet%?ﬁf\%?é %ﬁe Wt SF e W fﬁn%’ ﬂé%i%@@?ﬂ@ ﬁ)mtﬂ Mt BPWIRER GrotHeent
magnetic filf 20plizone eahdiBhette thindynrica widis Dt Yriing devics isaheud A9 nm in size.
The current.r%%ui{ed to,move ézg%(éom in walls along the tracks will decrease as the area of the
magnetic materal i %ﬂg‘) i i€ R BERC F ISP Ipesimeimioel BreuritisimEgkkte relsigheusing

domain walkfribgicigeldsHfeomridemaia.wallmis, aevaRRgeeusIonWIRG NeY GMallmagnetic regions,
and, advan%ageou%cales with scaling of the track widths to smaller dimensions for higher capacity
memory deViceE 29 BHE Wil bR f Rikgmatieialiovtivin serdatiamsinsdEytitheraaesl variation.of the
domain wall fringing field. The extent of the written magnetic region will be determined by the
boundary wherﬁjthe omain wall fringing field exceeds the magnetic switching field of the magnetic

material compriSiAg SHEEETROGITIRRY GO MR iaie visitn o rorsaliee tntks phylstcalritidth of the
wacks formifigbe aaitinshelevitn @ bunibnehBs AR SSAmE Y iR IN A daNigs similar to a
0

magnetic tunnegi'ﬂn junction can be used to read the information stored on the magnetic storage film
10. A magnetidt¥rhely!j0ACHnI ATy Hadass iRl afresiment inginalielisasited boytacthin layer
of insulatlngna.gne‘{ic film 10 without ever having the domain walls stationary above and below

the magnetic film 10.

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

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

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

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

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

devices.

30



material that comprises a tunneling barrier. This tunneling barrier is typically formed from an ultra thin
layer of aluminum oxide although it can also be formed from other insulating or semiconducting
materials such as MgO. One magnetic layer in the MTJ is typically a hard magnetic material that
requires a large magnetic field to change its magnetization, The other magnetic material is typically a
soft magnetic material, allowing a weak magnetic field to change its magnetization. When a small

magnetic field i applicdHothiessoft gragiatieimatatiahe itktirecitien oiyntagnpttationrtitangesthe that
the direction of the m%%ne.tizatio thﬁ soft m?gnitic la eﬁ can be varied re.IativeﬁPthat of the hard
g Hgedrt 0

of
magnetic mAR&RAMWY rf@ﬁ%r?\;)%ﬁa & & MR AR 0P the current

passed throyglethetuanglingtastiateapandsomthedelalive aaangticatstationdefs the two magnetic
materials in the tunneling junction. Consequently, the value of the current in the tunneling junction

indicates thé RGNS ARINGURIETRS Hherhea i rd nebr R dGHBRE ARSI T RHBSHE BNt 5F the hard

layer is knowRGomyeigriv: the wrairapidn theemelnedunptipningicaiasibedliresanohgmmoment
of the hard magnetic material if the direction of the moment of the soft magnetic material is known.

The two mafReEe RaRHRIT @IS sxRst tRTAIRG RMEHSV AR 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. 31 The tunneling current passing through the MTJ allows the
direction of theM@ﬁ@ﬁcsWﬁféﬁt%mwt&q%w@w&f&ahéae Riatsiddaresdtie, ie., the

storage layapfdgrhpidgtermninedfihe digrtan efdhgmaaneiic mﬁmgﬂbaatmmﬁmﬂ%mﬁ{@ﬁm ie., the

reference Ia’éz’r is known. There is a sequence of domain walls within the tracks of the writing device

20. In one IRE onRYREHE MPEhE HirdRISHaIaRBIA T yicntRd HBRIENRS HIRIRE another
direction. The feAuenes ebapmakywalls Walhg H@rr‘i@f‘?hiﬁ_&kﬂ%@ﬂﬁd%rrier is typically formed -

from an ulira thin layer of éluménum oxide although it can also be formed from other

insulating or semiconducting materials such as MgO.

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

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

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

known..

The two magnetic materials in the magnetic tunneling junction can also be
formed from hard magnetic materials if means for independently switching the
magnetic moments in the MTJ are provided, as in the magnetic memory device 100.
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controller of the magnetic memory device 100. The controller keeps track of the location of the domain
walls in the track. Consequently, the moment of the data bit 45 can be determined by passing a
current from the upper track through the data bit 45 and the lower track. A large value of current
indicates that the resistance of the MTJ is low, and the domains of the track and the data bit 45 are in
parallel. A sgwﬁ\%y@rl]u%l?f current indicates gwat the resistance of the MTJ is high, and the domains of
the track and the -0ala bie 45 74 BRASSSHAIGT e &g dMirkaliew otiteeitentian of the treagnistimown,

the directionrobtherdamaim andiibust the datastreein thetdatahit 45:c0r-bs inf £thod 900
for reading %od%%agtg&% in the n%agnetic film 10g%y the use of a magnetic tun-né’ﬁrﬁggstfg%edlgg&fbed
0

by the process WS FIENE freofintitis MmaorRECI0qMEs of A etharne)rias shown in

FIG. 10 the magéeéi@rtcl@ﬂ@}wn@i@ﬁd@gd for the purposes of reading the data in the magnetic
storage film 10 is formed from one or both of the upper and lower tracks 25 and 35, respectively, in
addition to the storage film itself. The tracks 25 and 35 are separated from the storage film at the

writing points \Mh@rggt]geatrmﬁ LOPESEINsS dot layer, innsulating layers 10 nd
1090 which form the insulating barrier of the ?]nap\g%n%ﬁ(@ﬁmzﬁ{?u%%% gﬁ%gsnet% Sbrica ? is
preferable ARSIt R IRER SR B BRgrndirecttierluanethbandeioSinte therresistanesiof a
tunnel barriefingiensrs @RPNERNial Wétﬂ tg i .Jnsulating_tunnel barrier, it may be
difficult to form two tunnel barriers with apcprgiigngﬁé%ﬁ%lgg%}}gg@%aﬁ%q\gg ﬂg&?‘ﬁmﬁgiﬁ&,
however, thEt0RREFbaHIBE rosie st meseryrHeneAsitive e tentmémhcepy phtheduniel barrier

ayer so thakssnbenwaDAIAANRIE 1AYG: RO ay e SAMB ek es3, el sesistancs gan vary

significantly. Since the morphology of the tunnel barrier de scri |calyooneﬂ1es
morphology” 2@ ERENTRETRRRID SRR oS iRk aIAdERayEioon thickh s irolth theym tiphtlog it
T 45 and the lower track. B :

A large value of current indicates that the resistancé of the MTJ is low, and the
domains of the track and the data bit 45 are in parallel, A small value of current
indicates that the resistance of the MTJ is high, and the domains of the track-and the
data bit 45 are anti-paraliel. 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 800 for reading a déta bit 45 in the magnetic film 10 by the use of g
magnetic tunnel junction is described by the process flow chart of FIG. ¢ 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

e

10 is formed from one or both of the upperand lower tracks 25 and 35, respectively,

in addition to the storage film itself,

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

with approximately equal resistance values.
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and the consequent resistance of the tunnel barrier 1090, which is grown on top of the track 35, may
be different from that 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 resistance of the tunnel junction formed between the lower
magnetic track 35 and the upper magnetic track 25 will be dominated by the thicker tunnel barrier
1080. Thus, the ferromagnetic electrodes of the magnetic tunnel junction are formed from the

magnetic materjal of tgf‘e pper track 25 and the magnetic. material in the magnetic .stor film 10
fﬁ‘n% ag ?# Howe(ier e?unngr\:Pam%r rg%ss/tﬁ]% € IS EX remeé}g seqm%ve?ag%

since the resistancs € tunnel junction is determine upper’insulating y(ere 1080.

Therefore, imtbis lexampls, tthe tesistbbagiof thedpwethnswatingeyert LO9E isasidfictentlty small that it
.does not sigln‘ificanth?(% ntribute G{%the resi%gnce of the tunnel 'gunction. .}'.he agrﬁetic di%ection of the
data bit 45, WRICH' f& eﬁr%ééﬂ?s RS YA AL AREW TU5EAN FIEMER Wy tRE HGAP Sirected
arrow 1065 indriiholdls; f tbactasra! lefroerighp diresiedindynetichuctnent i@ssshidmoiidheghlock
905 in FIG. 9, by passing a small current throu e correspanding upper and lower tracks 25 and 35
atwhose cro08 SR ETA DR LGB AU FRUCHRSI G o T ey bt e SOy e e
1052 in FIGahdA«ndribedingi 06ddtmhte oi0fe Wt eulrentds peeSedidng e waper ttacki25
through the er insylating layer 1080, through the data bit 45, throu lower insulating, layer
1000, and sl R TP Btk 55 B I S Q6 IR eBie o ARk of
the momenbafithedata hiidmistshonwmas hringadirected in the same direction as the magnetic
domain in the upper track. 33 Thus, the resistance of the magnetic tunnel junction will be low and the

current 1050 will be large, as illustrated by block 940 in FIG. 9. By contrast, in FIG. 1 OB, the
magnetization ¢fdhehdasaripibde if diretietbalome thengrieesirdicsuiansiegiis anbieing thicker

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

tunnel junction.

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

| The current is passed along the upper track 25 through the upper insulating layer
1080, through the data bit 45, through the lower insulating fayer 1090, and along the
lower track 35 as shown in the block 910 ih FIG. 9. InFIG. 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.

33



parallel to that of the magnetic domain in the upper track so the resistance of the magnetic tunnel
junction will be high and the current 1060 will be small. Thus, as illustrated by block 925 in FIG, 9, the
data bit is determined to be a "1". The current used for reading the state of the data bits is much
smaller than the current used to move domains along the tracks so the reading current will not affect
the state of the data bits. The actual current used for reading will depend on the resistance of the
tunnel. junction which is designed to be sufficiently high that the resistance of the upper and lower

tracks is negligi 0 the resjstance of the tunnel junction. Similarly, the higher the
resistance of th? ﬁﬁh%ﬂ%ﬁ%% : fi@ﬁ@aﬂlﬁ"ﬁ%ﬂ@%ﬂr}%ﬁ@&m@ Pﬁo"fﬁé%‘ﬁa‘!ﬁ@ﬂ@ﬁﬁét

junctions forﬁib‘iﬂfvahbt@éeagm;aef;W@t@ﬂ%@&@émum%tﬁ@sg Ingp@&mg%qjlrp,epg@llﬁgh%@nnel
junctions assoc SF th e TF data bjt connected in parallel with each other. The reading current
is passed thro &g’h e G%Qai Fo%%’ b?f dg’r thATesisdaknavie jebbnealHisstianenddeeantie
whether the mamakhéfjmmamdﬂars@adm@nmrﬁélﬁtﬁmﬁ%'D;ﬂi@?(rﬁbme'm%é@%{%’ﬁ%&gmﬁded to

read one bit, For thj wrpou here m é/ be reference resistors formed from similar tunnel junctions
at the array B—'oﬁnc?ag MR aRe VS ha Bigd ghthEhaAE B uhPRP Uit tsneraalh bEresmpared.

Thus, in the ifnetnatycsygterckRgendre bhereiaaiae Mt dedamaddram e « 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 biyheeingresihjest o theaiag magmstic dringingtigidsnovided ?%%Pe‘? dognains in

the upper and Iower tracks. In essence, the magnetic domain in the upper or lower tracks prowdes

the reference MaghEEE B MAER RN AIPBE Piaviaskarse shsdgadinaghstienhotient. sddet
necessary, td)lelatg&r oémsdgﬁ@ltsnéherﬁﬁéléaﬂéﬁc‘%m@ﬁtMQ&QHP%HH’@ g depend on the

o) resistance of the tunnel junction which'is designed to be sufficiently high that the

resistarice of the upper and lower tracks is negligible compared to the resistance of
the tunnel junction. '

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

which the resistance of the data bit tunne) junctions can be compared.

Thus, in the memory system 100 described herein, the MTJ is formed from two
hard magnetic layers. Theé 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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magnetic domain 1025 in the upper track 25 and the magnetic data storage bit 45 can first be read by
passing the current 1050 through this MTJ. Then, a current can be passed along the upper track to
move the domain walls in this track by one position. Thus, the direction of the magnetic moment in the
track will be changed from being left, as shown in FIG. 10A, to being right. The resistance of the MTJ
is read a second time by passing a small reading current through the MTJ. However, the resistance
will now be high because the direction of the domain in the upper track 25 will now be in the opposite
direction to thahof the data bit 45. Passing a_ current along the upper track along, without concurrently

passing a currelt KIGRYSH 16H PR R8T Rifl IRy HhEVE BRIHURAnD S (st HaiitRout
changing thenmggsetic statenof Ihe datadit 45 Tsisk tésanathed:ak ierding she datafit wilkgive much

higher signal because this method only requires the difference in resistance of the MTJ to be read.

The state of ik atLBif§e B RATIAGLN W ABIFRILASYERIaHEE BritHd T TiBsRerR 8588 HEaN
decreased vieepabie-dirastioniod thermagnekizatinpumthia tefaronsie Hamaitiithe graer track is

reversed. The material forming the magnetic film 10 is comprised of one or more magnetic layers. The

properties oPBfdlitRglds ithe Asadtisseaidbaraegehabistentm tam iagsouit bergaparagnetic

regions. MofegvesethgsersaalsmagnRatic-1egions, whasesigrs 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 toq seals hermaldiuplialipnSceniain suflisiant aRasgy.at e, aReFaling temperature of

the device that the magnetic moment of the magnetic regions can overcome the energy barrier

provided by tHE $RAYMEISAE{REAIE - aReawRsy Braresitdanet¢aendiaiiah breavegtetic region.
| ran;L;sr; et:g tyareQlotbdnaeriRimanSHE R HER 2 g ABURHY ManBiptuRdimaaadind

s that of the data bit 45. Passing.a current along the upper track along, without -
concurrently passing a current along the lower track 35, will only move the domains

in the upper track withcut-changing the magnetic state of the data bit 45.

Thus, this method of reading the data bit will give much higher signal because
this method only requires the difference in resistance of the MTJ to be read. The
state of the data bit 'is determined by whether the resistance of the MTJ is increased
or decreased when the direction of the magnetization within the magnetic domain in

the upper track is reversed.

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

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

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

anisotropy of the magnetic material within one magnetic region. Thus, the types of

33



recording disk drives are suitable. An important difference, however, is that in the memory of the
present invention, the materials forming the magnetic storage film 10 are not limited to polycrystalline
materials. Crystalline materials may be used to form the magnetic film 10 wherein the crystalline
materials have an anisotropy direction aligned along one direction within the magnetic film. For
example, the magnetic easy axis may be aligned along the direction of one set of tracks (for example, -
those above thelfinéns Lol an nsagrferdigtaensg iskadrivs thi fimgnedidibita aregmetien

around the q%ﬁr{q%&%mﬁgg‘%ﬁ&%tdiﬁé Thus, the magnetic crystalline anisotropy must be

aligned either r y within the plane of thé magnetic media or the anisotropy direction must be

aligned either along the disk radius or must be tangential to the disk radius. This precludes the use of
given direction. It should be

crystalline magnetic. films.wit ell defined crystalline axis,along one _
understood that %ilél'rlgésgﬁ QO\?E%V{%‘HC%’ Egﬁﬁ\’l éu‘?&%ﬁé&h@?r% HIBSEGRBMdAKE BN the
plane of the thagmetierfilla fdnbug the maments abtagaTignetcalitmsoldrmadhs g talline

ing fields from the domain walls in

perpendicula]rp]tgtép@ lglaﬁe %ftt! e film 10 ane thehdomain wall frin% f
the tracks of the Writing device 20 CatHave D8RR CSFCIHPERSRE SP AHMFHEE e tliNvBRIRE tion
normal to théswfgstatinthenatagaatinavisemconmuising thedeasksailiiis the maipralicempysing the
layer 10 mayv\ﬁ %eﬁggned to avlirger endicular magnetic anisotropy, and can be crystalline or

t

polycrystalliné. Alternate emboditients 8F e St GBI ENEHE RaghesiiieL darlimnet aeady

FIG. 11 (FIGBeldlractidriy o€ h drlagnatiz<iio AcRanip ronstustasiaing e filsn abtenamagnetic
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 readingrthiea‘g;aiatisimeag&ﬁ&gidm. die8€he magnetic bits are written around the
circumference of the rotating d?ék.- Thus, the' magnetic crystalline anisotropy must be
aligned either randomly within the plane of the magnetic media or the anisofropy
direction must be aligned either along the disk radius or must be tangential to the
disk radius. This preciudes the use of crystalline magnetic films with a well defined

crystalline axis along one given direction.

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

and can be crystailine or polycrystalline.

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

Magnetic fiim 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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resistance in the plane of the film will be much larger than the resistance perpendicular through the
film since the film is very thin. A metallic granular film could also be used. For example, this may be
advantageous to form a magnetic material with higher magnetic anisotropy, since the surface of
magnetic grains often has enhanced magnetic anisotropy. For improving the read performance, it may
be particularly advantageous to form the magnetic film 10 from a material that has a much lower.

resistance peepénidicedan thahddayesftrantinthaiplang obihr la¥etnEaresa@niaaideay be preferred
to form the ma granular material comprised of magnetic columnar grains that

netic fil ]ﬁB fro . ) ;
extend from %%%S\Wéﬂg%ﬁ U%Lf)%[r’nt GriadeS OF tHEFIHM HBYSGY thit aré. NeriatiicaNgnstratédrom one
another in theodireelion ipaiaited IORBE HlaRp R, Wresfilnay 108 oHOR AKABBRIS 1He88FalumRRLMagnetic

grains may be i?olated_from ach other in the lateral direction by an insulating oxide, stuich as

aluminum oXRE S it iR’ BlasagieshisP Rk, BFBY Hirisstlasaghmmeeicaranalafsnum

nitride. Thush #eciitgiiatinchaaiesial %@ﬂ%p@ grain boundaries of the cylindrically shaped grains
where the axis of the cylinder of these grains is oriented perpendicular to the surface of the magnetic

film 10B. Magnetic film 10C is an artificial, antiferromagnetic structure engineered for improved

stability againstitaenimakdveidatiens gy sxamel W{% S ' of two
ferromagnetic Iayer; 1@:[15 iZtgld 1lzoas§g)arated @%?l%anti eﬁ%ﬁ%@rﬂ%@%ﬁ%@%&e& flIfgmme

antiferromadREIE2B0plRGIAY AP frero arrissirdiheidferm Ry oh RIVOT atlisyerms despabditinad.S.

patents 5,465, 185 [andr Ghhp3 B3 Mith G5 io -fer ' I escribed
in U.S. pate t5,341@,138. In all thqu]m%gfr%@%\fs%dwﬁiﬂ%ﬁ%%ﬁﬁ}gﬁ ??ggg Rgﬁ%}%;ﬁjﬁ?gjyg@e

formed fron' YAdHHE PHagHei L drAversghdae Imséesakoptmerisestinfuragiyfid toiureading the data
bits it may bgrameiHageeh oM HeISRBPIGILIQWEESYIIASES s of the film 10B but that are

electrically isolated from one another in the direction péraliel to the plane of the film
10B.

For example, these columnar magnetic grains may be isolated from eéch other in
the lateral direction by an insulating oxide, such as aluminum oxide or silicon oxide
or n‘}agnesj.,um oxide, or by an insulating hitr_ide, such as aluminum nitride. Thus, the
insutating materiat is along the grain boundaries of the cylindrically shaped grains
where the axis of the cylinder of these grains is oriented perpendicular to the surface

! of the magnetic film 10B.

Magnetic.film 10C is an artificial antiferromagnetic structure engineered for
improved stability agaiﬁst thermal fluctuations. For example, the fiim structure may
be comprised of two ferromagnetic layers 1115 and 1120 separated by an
antiferromagnetic coupling fayer 1110. The antiferromagnetic coupling layer 1110
can be formed from Ru or Ru=0Os alloys as described in' U.S. patents 5,465,185 and- |
8,153,320 or with Cr and various other non-ferromagnetic metals as described in
U.S. patent 5,341,118, |

In all the embodiments shown in FIG. 11, the magnetic layers may be formed
from multiple magnetic and non-magnetic layers. For the maximum signal for
reading the data bits it m.ay be advantageous to form the upper and lower surféces
of the magnetic film from magnetic material which, in conjunction with a suitable
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of the magnetic film from magnetic material which, in conjunction with a suitable 37 insulating barrier
layer, gives rise to highly spin polarized tunneling current. As an example, MgO barriers may be used
in conjunction with Co-Fe alloys. Thus, the signal for reading the direction of the magnetic data bits
will be maximized. As shown in FIG. 12, a reservoir for storing bits in the tracks of the writing device
20 is desired for optimal performance. The reservoir may be of varying sizes, from one domain to

enough lengihdiaRaeemanasiale el the domaing inidn, dain SIOrA9L: JadioneRPetheidesaf the data

storage region. In FIG. 12, a reservolr is shown on each side of the data storage region 1205:

reservoirs 1?1@1”1@5%,“59@6?%%@2@@%&@%%@?\@@%TI’@H@@%U@@%Fac@mno@ét@,ﬂmmg
dormains In (o tracks teakide-lo andieandrant he datacyamaaseaiabiaaRigdpmanns in the

tracks that write to and read from the data storage region 1205 can be moved in and out of their
respective reservoirs 1210, 1215, 1220, 1225 depending on the sequence of "1s and "0"s to be

written. In an altetnative embodi t IQS B [ols exice | \
device 100A is shovv_n&l’n FIG. 1?@%%%?5% oﬁ%%ﬁ%gﬂéi E%eg%t@rﬂ%&%%%&@%gy \'}\!/ﬁlrt}gql%%ﬁ%ual
data bits 1318 E3desiEitioraygisoatepdsentetby tegisterr1805is¢drapisetvoigsirest leans 1325,
1330 and a Retic i t The t ' i of. d ins 1340, 1345 and
one domain Al TA The I A o S R R B AR rge o
write to data'B@i®B1B) Phth cidesbfdhegsins25idage apgintade of magnetic material and are of
sufficient length to act as reservoirs for the domains 1340, 1345. Current 1360 is applied to the
register 1305, moving fringing field 1355 into the region of the data bit 1315. As discussed previously,
the fringing field13%6 whites toghevdatis sitd8n5TaackgicentfiB80drém showes tlegiimgidgSield 1355

o I, reAidR LR £78 21319228088 438, REHRIGIAPRINY ERo it acP! the registers
SR accommodate all the domains in the tracks that write to and read from the daté-'

storage region 1205. The domains in the tracks that write to and read from the data
storage region 1205 can be moved in and out of their respective reservoirs 1210,

1215,71220, 1225 depending on the sequence of “1”s and “0"s to be written.

In an alternative embodiment for the magnetic memory device 100, a magnetic
" memory device 100A is shown in FIG..13 comprised of individual registers 1305,
1310 that write individual data bits 1315, 1320. Each regiéter represented by register
1305 is comprised bf current leads 1325, 1330 and a magnetic wire or frack 1335,

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

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

coentrolled individually by a transistor and control gate denoted by the reference 1375,
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controlled individually by a transistor and control gate denoted by the reference 1375, 38 that pass
current through the register 1305, 1310 to write data to the magnetic film 10. The current leads 1325,
1330 and the individual write registers 1305, 1310 are shown in FIG. 13 above the magnetic storage
layer 10. In order to connect these leads to individual transistors 1375 the transistors are preferably
formed in a silicon substrate beneath the magnetic film 10. Thus, if the current leads are above the
magnetic laif&H TRsH R HRNbEBURHEN the tegitier H3@Metis finotudtpwaderinébionsgoetioddmthese
current leadggand the transistor switches in the silicon substrate. As described with respect to the
embodiment shown in FIG. 1 the magnetic film 10 does not have to be continuous but can be formed
from multiple magnetic sections (each larger than an individual magnetic data bit). Thus, vias can be

formed betwe ' ' augh.the.plane defined by the ma ic film 10. The
magnetic film ?L%gagre |§@ﬂ%§§%§§ 2%@%@8%}&%§§V@ﬁﬁb}féﬁ%}é%%@%%@eﬁ@%s@e%?ﬁed from
conducting $igyyildcdd Betdesroihe Seesectiprsic Theragadapting (vias aielelectdealy isalkued from the

magnetic section i i material. urrent leads 1325, 1330 and the individual write
registers 11?%8?3%%6 (ﬂ%ﬁgﬁs{;ﬁ&a e %?B(r)ssé§%geﬁ%%t‘%atﬂg.s iy ATt rf% \X/Iﬁ?(fﬁ“ﬁ%!{éé ficere
straightforwgirdste tohreetthdbe leads tdistiitahioy Fansistorsd tarsamieanduntingrsiestrate beneath
the layer. -the indiyjdual write reqgisters are sh in FIG. 13 wjthout any notches or means
of fixing thﬁ%@%#@%&g ﬁgrﬁ{}aﬁﬁ ?v‘l&@ﬁn“ﬁ%éeﬁ%ﬂ{@?bvgﬁ&@?é?ﬁ% "}Eﬂf&fé}é AN BRYBRTRNith one
or more notetlzeendivtabenanentlondam e tiertmeddior switiplesconmectst sragmetig4rgions
comprised of different magnetic materials for the purpose of fixing domain walls at the boundaries

between these magnetic materials for within these magnetic regions. Depending on the properties
As described with respect to the embodiment shown in FIG. 1 the magnetic film

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

material.

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

beneath the layer.

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

boundaries with the magnetic regions themselves.
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of these different magnetic materials, the domain walls will have a preference to be located either at
the boundaries between these materials or away from these boundaries with the magnetic regions
themselves. 39 In a preferred embodiment the individual write registers are comprised of three
magnetic domains with two magnetic domain walls which gives rise to magnetic domain fringing fields
of opposite sign. Thus, by moving one or the other of these domain walls over the magnetic region to
be written, the magnetic data bit can be written in one direction or the opposite direction. The write

register is preferablfdange NOHEBAMEINIEIB MaloRan IRy velifoshase domain wuplisiqdhe left and

right of the magnetic data region or in the vertical portions of the current leads themselves to allow for
greater datd S@iale HERSHSSWIH Hha tltsraaale eampaiinmets Worh HvERTISEsihMaseIetise write

registers oalneARIRNGAAE ormabrwalholiedamain il Bialag figld can b elepgeae giegtion on

one side of the domain wall and along the opposite direction on the other side of the domain wall, as
illustrated iHMTEIBEH thekbenpeaestoreaiomity iy Welteassorimad s drineécapdof domain

wall shownyif 36 s bR Ieedamanvell b i FIG, 32 is Jagyed gyerdg (agnetc fim

10, the magnetic data bit 45 is written in one direction when the domain IS move left to
the right afSi}eHElR aRIRIaNE Bisbovia 96 FeeeIBIr tfes hagastmiod v alistterttin thl avebeitivée f direction,

Le.,its magretRaiags el o 10s eftoEgueer ibie samadona Nallis IpKed i e roht

to the left; the magnetic data bit in the film 10 i1s written with its magnetization direction pointing in the
positive x alletion greatriadmativisisasdrmnsitieshe 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
of right to left) determines the direction of writing. Thus, depending on the position of the domain wall
in the write redistee alipeiabre repdsshine SixwioveltHe. dehiaiwhiall tbatetefregisareaigit in order

- towrite & contain one domain.wall, the domain wall fringing field can be along one direction on
one side of the domain wall and‘ along the opposite direction on the other side of the -
domain wall, as illustrated in FIG. 3Bfor the x component of the fringing field |
associated with the Neel type of domain wall shown in FIG. 3A. Thus, when the
domain wall shown in FIG. 3A is moved over the magnetic fim 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 magnetit:
data bit in the film 10 is written with its magnetization direction pointing in the positive
x direction (i.e., magnetization points to the right}. Thus, a single domain wall can be
used to write data bits to both the left and to the right. The direction of motion of the
domain wall (left to right or right to left) determines the direction of writing. Thus,
depending on the position of the domain wall in the write register, it may be

“necessary to first move the domain wall to the left or to the right in order to write a

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

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

bit within the magnetic film 10 itself. The current path can be closed either through
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magnetic data bit in the left direction or the right direction. In the device shown in FIG. 13 the magnetic
data bits are read by passing small currents through one of the leads 1325, 1330 and through a tunnel
barrier, formed as a thin insulating layer 15 on top of the magnetic film 10, and into the magnetic data
bit within the magnetic film 10 itself. The current path can be closed either through 40 electrical
contacts on the edges of the magnetic film 10 or on the opposite side of the magnetic film 10. In an
embodimen 6CiHEahagREGEsRENoR AR T HTnsREMIM NG A P{RIGE e DRROSIEB i deaeiissc
memory de%;‘gggmﬁmdividual writing registers (represented by registers 1405, 1410) situated
on top of the magnetic film 10 in addition to writing registers (represented by registers 1415, 1420) on
the bottom of the magnetic film 10. Data bits such as data bits 1425, 1430, 1435, 1440 are staggered
to increase the ' ' id inter f i i inging fields. i
embodiment, ti{gaégrlgaﬁ‘ g@%@.’% @?%@gﬁs%ﬁﬁggﬁgﬁggﬁa%g%m 0 é‘vl\%g' %@eﬂg H:g] éﬂsﬁt&pégrgag netic
memory devigé 1063, Imagnettbotimeny dietrieanidifittie rindiviiudévickin®ogyimtagnetic memory
device 100 ite.register 0 icul ite tegisters 1515, ..1520. The relative
placement gﬁﬁge r@éégﬁz%ge}g&i&s%o(%,é&ggf&%ﬁoél’5{,3£{n8(? %g%{%éog\géh Oan%%&%%ﬂ?éﬁofﬁ?has esired to
achieve theaiishired evaltidgrisigysaad tiipegaanthd habittyisteap Pl idurid@ioctheée distens, 70
operate theymagnefic.mement fewise 1R e eiteuity.comeyisss, ipaddiien. 1 g reading and
writing elements, 10gic and other circuitry for a variety of purposes, including the opera‘ﬁon of the
reading andstedigegedeticesreheptbrisiata dficdemesity puldds tovmdvsitéedamaifowmithaigtizovinige
registers, the, oqj nd_decoding.data i its,.etc, In.one.embodiment, the control
circuit is faﬁ%é@te ﬁlja;{jngg %@ %’P&%‘éc%qs%g%h %%%si%g%}%%‘egﬁt 5 %%r%uﬁ’r@s R e Bt dvidua
magnetic d&atsiohivbe vusipaett teiaeé magratifoopiorpa ehésilidtirwafer so 4

in an embodiment of the magnetic memory device 1008, magnetic memory
device 100C has write registers 1505, 1510 perpendicular to write registers 1515,
1520. The relative placement of the registers 1505, 1510, 1515, and 1520 can be in
any configuration as desired to achieve the desired aerial density and still retain the

ability to apply current to the registers.

To operate the magnetic memeory device 100, the circuitry comprises, in addition
to the reading and writing elements, logic and other circuitry for a variety of purposes,

including the operation of the reading and writing devices, the provision of current

G e

pulses to move the domains within the write registers, the means of coding and
decoding data in data bits, etc. In one embodiment, the control circuit is fabricated
using CMOS processes on a silicon wafer. The circuitry. related to the individual
magnetic data bits will be designed to have a small footprint on the silicon wafer so
as to maximize the storage capacity of the memory device while utilizing the smallest

area of silicon to keep the lowest possible cost.

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

herein without departing from the spirit and scope of the present invention,
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as to maximize the storage capacity of the memory device while utilizing the smallest area of silicon to
- keep the lowest possible cost. It is to be understood that the specific embodiments of the invention that
have been described are merely illustrative of certain application of the principle of the present
invention. Numerous modifications may be made to the system and method for storing data in an
unpatterned, continuous magnetic layer invention gescribed herein without departing from the spirit
and scope of the present invention. 41 -42- We claim: 1 A data storage device comprising: a
continuous, unpatterned magnetic film comprising data regions for storing data; at least one writing
element comﬁﬁé?l'f@:a track for disposal 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 €lectric current, when
the elect_ricqc_urrenlg\ i@apaaset%%dg t_tﬁr@q}l.l(%hc:@nq tri%k': anql wherein a data bit i_s selecti_vely wr_itable into the
data regions of the magnetic %i m, using :ffnngqng field from the magnetic domain wall in the track to
selectively chang®@IReetidn-sPatieragdatearsiinéim rentuisamaigiorainsThe dotastistage device of

claim 1, wherein thiedssCkreomargesAREHPRS K iRdy igROses akpye-ihe sragnalicfing and a lower
track dispo P&’ W h tic film. 3.The data storage device of claim 1, wherejn_the magnetic
film is unstruc ure§ s!,crf1 ’agj’sﬁ?c%?ﬁr% or rc% Fo%ggﬁgnag??ﬁgedafgj &F'Ho%?fé%ﬁiaa?ﬂ?@ﬂtl@ 8’3& storage
device of cBIRRONG/HaskiR BdrarigReieniplierTisatsienidwBmthe eatiistovsigotdeviesset claim 1,
wherein theHrack cesprigesra bend. 6. The data storage device of claim 1, wherein the magnetic film

is unstructured s @&é% reggt%r tpe quati n of the data bif non-Jocalized. 7. The data storage device of
. . a
claim 1, wherein c&{e magnetic fi [m"cb(%?n%cr%gg a rs‘%}% 2o hit da!a 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 the data region.

2, The data storage device of claim 1, wherein the track comprises an upper track
disposed above the magnetic film and a lower track disposed below the magnetic film,

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

4, The data storage device of claim 1, wherein the magnetic film is patterned.
5. The data storage device of claim 1, wherein the track comprises a bend.
B. The data storage device of claim 1, wherein the magnetic film is unstructured so

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

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



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. -43- 10. The data storage device of claim 1, wherein
the at least one writing element comprises inhomggeneous magnetic material selected from the group
consisting of ferromagnetic material and ferrimagnetic material. 11. A method of making a data
storage device, comprising: forming a continuous, unpatterned magnetic film that comprises data
regions for 18torin§ MEFR1aSHATARS SeKeRPLHE NG SR BAI JFaR SHSIMGEE aE1ANbroximity to the
magnetic fitomwisreintitredgeckdafinegrativagnelis deswain Waih thatdropusasidenghift along the track
ina directiqgr%fn%bﬁg%tﬁ%@gggm%\f\g@g Jgﬁeﬁkeﬁl%{‘é %ﬁ_rrent is passed through the track; wherein a

[ [ the

data bit is selectively writable into ata regions of the magnetic film, using a fringing field from the
magnetic domain wall in the track to selectively change a direction of a magnetic moment in a storage
region withirt the thackettii diheatieghod-ed slainyd Sevitiereimipiinigg the at least one writing element
comprises: formiryg, A uapes irack APaNe s faanetie Almy-and, torming.a lower-yagk elow the
magnetic film. 13. The method of claim 11, wherein forming the mag etic Tilm conprises forming an
unstructuréﬁ%ﬂ@ﬁ‘é film so as to render the location of the data bit non-localized. 14. The method of
claim 11, whereinféominiggtthashagneticfin easmnsessiramnn e &asinglermaanetictayer.

magnetic film, wherein the track defines a magnetic domain wall that is caused to shift
along the track in a direction of an electric current, when the electric current is passed
through the track;

wherein a data bit is selectively writable into the data regions of the magnetic
film, using a fringing fieid from the magnetic domain wall in the track to 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-localized.

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

15. The method of ciaim 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.

16. 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.



15. 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. 16. 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 ferrimagggtic material. -44- 17 The method of claim 11,
wherein forming the at least one writing element comprises using inhomogeneous magnetic material
selected from the i]roup consisting of ferromagnetic material and ferrimagnetic material. 18. The

method of daim 11hG/MetBas /iy thevrrigicleerming Sunmbirass grateriling ettrmantgnetic film. 19.
The data stovagesaviengrtiaimgehcbiihes sesmp Heing avebing adMmsdaing. yrignpne side of

the track. 20¢ (Lhe method of elaim 11 .further comprising connecting a switch to the track, to pass
current through the t?ackI foratﬁe%apgpégggrlg}a rrll(t:‘?rtlcg "”Zer a[t'a bit. 21. The method of claim 11, further

comprising forming an insulating tunnel barrier layer in proximity to the magnetic film. 22. A method of

writing a data. bit ofna datostor agendeviominah Gommiis e M saiRUMMSIMPRLLraae magnetic film
that definesia ply gycqg‘{rq;atta 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 thetarackTthedatetitotigo tntising cafeatvainriipghespR it iR hegaialgaions of the
magnetic fi|g}é{sérﬂgjge fg{g@m%@q}g&om the magnetic domain wall in the track to selectively change a
direction of a magnetic moment in a storage region within the track. 23. The method of claim 22,

further comprising connecting a switch to the track, to _ _
20. The method of claim 11, further comprising connecting a switch to the track, to

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

21. The method of claim 11, further comprising forming an insulating tunnel barrier
layer in proximity to the magnetic film.

22, 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 frack 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 fitm 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. |

23. The method of claim 22, further comprising connecting a switch to 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 iocation of the data bit non-localized.



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. - 45 26. The
method of claim 22, wherein selectively writing the data bit comprises coincidentally moving the
fringing field from the magnetic domain wall in the igack toward the magnetic film to change a direction
of a magnetic moment in the data region. 27. The method of claim 22, further comprising pinning the
magnetic dgmain wall in the track, 28. The method of claim 22, further comprising selectively reading
the data bitdh the 'd5tXFRAOR 3RS InY e reia Brlg SR IS & & detethihcertises with the data
region. 29.caimigtoallpfreddingaidatinbificin fotatBestargusicevieaicaapr sHgribetdatasstorage

device bEi%J%%@ﬁﬂi‘?ﬁp&j\%&ag’%%’Qﬂg&éﬂﬂjﬂ%’mgﬁé t% ?ﬁg%ﬁéirﬁg f% g insulating tunnel barrier

layer, in proximity to a continuous, unpatterned mag Ines a 6ﬁ?r'§ﬁt‘y of data regions
for storing data; and selectively reading the data bit stored in the data regions of the magnetic film by
passing a réadingiterresthiv tbfectairoR th ét tiesseaprigmihsriiaia 1egioag:&R. daeametipg of claim 29,
wherein selggtiuely reading the data bit comprises measuring a change in resistance of the insulating
tunnel barrier layer. 31. The method of claim 29, wherein the track comprises an individual magnetic
wire. 32. The method of claim 29, wherein the magnetic film is unstructured so as to render the
location of &fe dafEhbitmetimtbobtizéd 223 fulthapparptiyminsdieaglisy pedain biami dria glgrage device,

comprisingAatHiygd nsLan-foymeg %kﬁ«?&ﬁimﬂtﬁé‘t@ék’%ﬂ%‘.(‘%%@gglnlﬂﬁr{r‘u%%%%erreé?o&m”m“y oa
continuous, unpatterned magnetic film that defines a plurality of data
29. A method of reading a data bit on a data storage device, comprising:
the data storage device being formed by disposing a tunnel junction that is
comptised of an insulating tunnel barrier layer, in proximity to a continuous, unpatterned
magnetic fiim that defines a plurality of data regions for storing data; and
selectively reading' the data bit stored in the data regions of the magnetic film by
passing a reading current in the track that crosses with the data regions.

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

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

31, The method of claim 29, wherein the track 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.  Anapparatus for reading a data bit on a data storage device, comprising:

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

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



regions for storing data; a reading element that selectively reads the data bit stored in the data regions
- of the magnetic film, by passing a reading current in the tunnel junction through the data regions. -46-
34. The apparatus of claim 33, wherein the reading element selectively reads the data by measuring a
change in resistance of the insulating tunnel barrier layer. 35. The apparatus of claim 33, wherein the
magnetic film comprises an individual magnetic wige. 36. The apparatus of claim 33, wherein the
magnetic film is unstructured so as to render the location of the data bit non-localized. System and
Method for3Storin Data in an Unpatterned, Continuous Magnetic Layer, Abstract Digital information
is stored inAn un&%@r‘?@(ﬁ%ﬁé’ﬁé%iﬁ%C{Wﬁ%@ﬁd%ﬁ@qﬁmtrﬁﬂﬁﬁaveéﬁmﬁé@eof the domain
walls in ferrstacyneteswingriatbdogeitectaamare ahthepaiemestonagnesicsfilayé10A). 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 m%%r be mﬁ@nﬁ%‘%’ B ah LA e prBsIaBd s eassis asaryiarvapindifgsahis larger
magnetic figlebietichiseed by using the domain wall fringing field (235, 240) generated at the
boundary between two magnetic domain walls (225, 230). The magnetic regions are written by using
the fringing3 'elds1]( 35, 240) from the magnetic domain walls (225, 230) in neighboring magnetic wires
(25, 30, 35, 40). THESEPRAFELTSES SHiPaB, hpeid Bie parelssBntdstHestuggwedssterdge layer (1 OA)

where the raagerdiie stortige sbtydstats toobdovaitted. Fig. 1A.
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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 (104), using the inherent, naturzl
properties of the domain walls in ferromagnetic materials to write data on an unpattermned magnetic
film (10A}. Data (45) is read from the unpatterned magnetic film (10A) using magnetic tunneling
junctions (MTIs). 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 written by using the fringing fields (235, 240) from the magnetic domain walls (2285,
230) in neighboring 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,



