1 Septenber 2006 1 DATA STORAGE DEVI CE The invention relates to a data
storage device for the storage of digital information sucheaheCoimut er
files, digital nusic, digital video etc. In particular the invention
relates to a data storage device to which data can be witten and read
back an unlimted nunber of tines. A wi de range of data storage devices has
becone available in recent years enploying a range of nedia for a range of
digital data storage applications. Data storage devices are designed which
are adapted to some of a variety of gperational characteristics, including
capacity, speed of access, wite/ rewite ability, ability to retain data
stably over tinme (wth or wthaut §§$§22§§ﬁ§§g robust ness, portability
and the |ike. Known data stdﬁé@§£§@& nagnetlc t ape storage,
magneti c hard disk storage, and optical disc storage. of fer advant ages

of good Stomemvgﬁtﬂﬁf:l'élé(te@@g r@itﬁ“s’tdfﬁ%é’ d@@l@bdf&fi%@s@?afg%éﬁ d@ﬂgl all can be

adapted for r nd rew it urre g parts in
the form of m@r@&'ﬂ?lbﬁﬁ@h&mf@awu&f loei igitat danpds. sdigitpy ¥idegretei F ¢ t he
extent to whhartihulatehd meationaslronakhi dah stothe didtiae $¢ ehiavpedarecinabean be

m niaturiseq,.. .M Se ce in high-vibration
environnentgﬁ“%ﬁ%ﬁ%hgh&?%&gﬁgH"%%gén%%gfggﬁiface mediumis the key to data
storage, the nmechani sns involved require careful control of properties

al so of any ,supportin strate., Thus S. have to be of

careful Iy cét t"f@e{ F%‘&e%gn{a?ar SlotaBS oVikiBy E%Svg?cog’ﬁavﬁg%ﬁ § i CFHY S der to have
access to t lemphyirfgae cangk dffmedise force ranghiod Wigiteh dplaaterage mpplisttiooss  on desi gn
freedom f or ]jaﬂaestgn%ﬁé Qéwcé"ed'r@'d@slﬁieé%lﬁaﬁgre' Sapidd b (s6mPYriaeurflydbt al data

storage devi ce whi e
g operat\ll\g;l characterirstslcs including capacity, speed of access, write/ rewrite

ability, ability to retain data stably over time (with or without power), size,
robustness, portability and the like.

Known data storage devices include magnetic tape storage, magnetic hard disk

-storage, and optical disc storage. All offer advantages of good storage
capacity and relatively rapid data access, and all can be adapted for ready-
write and rewrite of data. All require moving parts in the form of
clectromechanical or optical readers. This can limit the extent to which
devices incorporating such data storage media can be miniaturised, and limit
the use of the device in high-vibration environments. Although in each case the
surface medium is the key to data storage, the mechanisms involved require
careful control of properties also of any supporting substrate. Thus, such
devices have to be of carefully controlled construction. Moreover all require
‘the reader to have access to the surface of the device, which can place limitations
on design freedom for the device.

Herein disclosed is an alternative digital data storage device which offers
versatility in alternative situations, in particular




versatility in alternative situations, in particular 1 Septenber 2006 2
for exanple which can be mniaturised, and/or which canilgpichber Rpsat ed
into other devices such as smart cards, identification tags and patches or
the like, and/or which can be incorporated onto flexible substrates,

and/ or which can be used in high-vibration environments, and/or which is
of sinple/ low cost manufacture etc. Al so disclosed is a data storage

devi ce which conpactly and effectively stores digital data and provi des
for data to be witten to the inventign and read back an unlimted nunber
of times. According to one aspect of the invention, there is provided a
dat a st or agdomaunple whichrcas bomindagurilied)iahdior whitlocane ireorporatal ineatebl e f or m
CONpY i S€S ORfeyiks §h G iR TR, BLAMRRIGH wEAGh BRORK or hETRALnEREPY [ SI N 8
pl anar magneti ¢ conduit capabl e of sustafning and propagating a magnetic
domai n wal | Yhifngg berdeeprpogatedsontp Klexible sybwiatesaatdon “th@cqepgtwwgiﬂn each

conti nuous higickibiBiopr @vividetnsits,h aat/or| &dfith oRe JfN¥RAsIEONoROdesnher eat t he
magnet i sati on, dif%gcrti on of a domain wall propagating along the conduit
~under acti on O S Tanl e applied field is changed, each inversion node
conprising a portion in which a direction change away froman initial path

- and a subsegyent. direction change back.to the initi ath are provided in

The condur ¢ Aokt a o SERE Grbs e compagy And eRtsBEE B, oos 1 he
devi at i ng pdigitabdataBaxlhproetdes ficrodeta to dc kvritey tdthe rventiceddweddrbaelt | east one
i nver si on ngggnﬁﬂzl\f%rn%toe[tdfgﬂr{g?gneti zation direction of a domain wall

propagating along the con under action of a suitable applied field is
substantially reversed. Each continuous track may be provided with a | arge

plurality ofAdcomigsto@Ae aspect of the invention, there is provided a data storage device
for storing digital information in a readable form comprises one or more,
memory elements, each memory element comprising a planar magnetic conduit
capable of sustaining and propagating a magnetic domain wall formed into
a continuous propagation track, wherein each continuous track is provided with at
least one inversion node whereat the magnetisation direction of a domain wall
propagating along the conduit under action of a suitable applied field is
changed, each inversion node comprising a portion in which a direction
change away from an initial path and a subsequent direction change back to
the initial path are provided in the conduit such that no direct propagation
path is possible across the deviating portion.

Each continuous track may be provided with at least one inversion node
whereat the magnetization direction of a domain wall propagating along the
‘conduit under action of a suitable applied field is substantially reversed.

Each continuous track may be provided with a large plurality of inversion
" nodes.

Each conduit may be formed into a continuous propagation track. Conveniently a
conduit may be formed into a closed loop to cdmprise




nodes. Each conduit nmay be forned into a continuous propagation track.
Conveniently a conduit may be fornmed into a closed | oop deBiepft@pidgee 1

Sept enber 2006 2a such a continuous propagation track. Such a | oop may be
provided with at |east one and optionally a plurality and in particular a
| ar ge nunber of inversion nodes. Data may be able to pass around the
closed | oop in accordance with the nechanismoutlined below In a variant,
t he magnetic conduit does not forman entire closed |oop of inversion
nodes, but rather a linear chain of ihgversion nodes wth neans to transfer
data between the two ends thereof so that data is still able to circulate
1 Septenber 2006 3 around an apparently cl osed | oop, for exanple

conpri si ng a iti il t .one end of the chai ng data

readi ng fac%?g}%§%$£F%g9g¥ﬁégﬁgﬁé%%?g?ﬁﬁﬂog%gﬁﬁge8%5“%@3%?%5%&q circuitry
to feed theodarad bplidnaldy eqilvmlitycand ip pardenlarve largeinpmberodf inversiohai n to t he

i nput of theocghiaData HANBEAHIBAS p¥ssladifinl ME S Tbop QR GScofcCRMPESe features
in the structu%%jand .%gggf 0 the.coqu|t whj ¢ $he o) agpghed as to cause
a change i n oIS, ilin Qv A v ARn the maghtic sopduif dgss pOLIOEYRE; ant i al
reversal i n ettire claghiebp sfiinversion dbdescliit eather @flineardbam ofiinpersioagaddsng

t her eacr 0ss HRGEL, A A0k P&a@b&%&ﬂﬂ{e EvPaRk k]feg?(lffsb BHafldat G ?ﬁlea
directionall'y varying and in particular a rotating nmagnetic rield.
be necessar ¥ ¢Ff#a% he conduit direction and hence the domain wal
propagation direction varies wthout sharp discontinuities at any point.
Thus, the conduit in the region of and conprising the inversion nodeshould
preferably

[t may




have configurational features such as to cause a change in the
magnetisation direction, and preferably a substantial nexgtsdler 2od he
magneti sation direction, of a donmain propagating thereacross but w thout
any specific sharp variation in propagation direction. In a preferred
enbodi ment, an inversion node conprises a substantial reversal of

magneti sation direction at the inversion node. Preferably, the inversion
node conprises a portion in which a direction change away fromthe initial
path and a subsequent direction change back to the initial path are
provided in the conduit such that no direct propagation path is possible
Scr oss the ?ﬁvdlﬂthmgppzpa’_ﬁlyi odsed Lbop%lfcbri Eﬁe{nqﬂe cdgiprising N datavyritiogpr i se 90
evi ations 1 t niti th. .Eor the rgason ndi.ca vi ati ons
fromthe ini C?.lgl]ly agg’fl%?%f}r%ﬂgfé: yw%g%tﬁfe%fmagdﬁaglﬁfyyao%ces r%f’%(sj?fatﬁge along the
condui t trackain] agtpdditibeal coogy to feed thexdaplback tleetromicadlysirem thede
conprises a guiat S thedhalRdb tHeQipuVbfithd ¢hafhe conduit | oop structure, in
particular directed internally, or a topological equivalent of such a
structure. Preferably, a plurality of such cycloidal portions are provided

in each | oo I i - . odj t he

i nvention p&é’f‘é’%ﬁ %g?$§0§e%%gg§%%wn%%£ﬁ%o%%m?({)r med into
cl osed | oopsh@schl tospidudi which ¢ soakdapiedops ¢y tavieds dhergs iy tho ef f ect
abrupt di r echdgaetahtidrdREGE, 8nd PreferibiBOaBbiamad rrssliih Gelrhafehtion donai n wal |
passi ng thergacross a%)d hence s,arvh%%ﬁ as i nversion gOI.F%f? fOf.%éjorral n walls
as they aredHF‘ic)tﬁ’gg?iftae A RYPIIEnE pross ydey etioft of & SeifaBle applisd < it abl e
driving fi elfld, Fechfaspalikstiopaltyvarying andiinipagicalar arotating magdeticsfialhi ch is in the
range three to ten tinmes the conduit width. Preferably the cycloid is such

as to produce a
It may be necessary that the conduit direction and hence the domain wall

propagation direction varies without sharp discontinuities at any point. Thus, the
conduit in the region of and comprising the inversion nodeshould preferably
have configurational features such as to cause a change in the magnetisation
direction, and preferably a substantial reversal in the magnetisation direction, of a
domain propagating thereacross but without any specific sharp variation
propagation direction.

In a preferred embodiment, an inversion node comprises a substantial reversal
of magnetisation direction at the inversion node. Preferably, the inversion node
comprises a portion in which a direction change away from the initial path and
a subsequent direction change back to the initial path are provided in the conduit

"such that no direct propagation path is possible across the deviating
portion. In particular, deviations may comprise 90° deviations from the initial
path. For the reasons indicated, deviations from the initial path preferably
occur gradually over a distance along the conduit track.




substanti al change, for exanple a substantial 180 reversal, of

magneti sation direction as a domain wall passes theret @Qﬁﬁﬂﬂméﬁbms
accordance with one enbodi nent of the present invention, € maghetic
conduit may need to have architecture capable of sustaining and propagating
a domain wall under action of a controlling field. Typically, the nmagnetic
conduit may be formed as a continuous track of magnetic material. Thus,
the loops in the device in accordance with an enbodi nent of the invention
preferably conprise magnetic wires, in particular generally planar
magnetic wires on a suitable substrate. The data storage device may thus

use a numberpPhy ﬂ{e 1ﬂﬁ£’ﬂ&|§ %«%‘dg%@}?%iéibeég% %@91;1&1 Ol%brd%g{ %tlf)ﬁlﬂ él‘l’er cofB@petic wres

whi ch are preferabl hape . In particular,
the inventi ¢PPRREGICHIRp mdgﬁrtﬁsg&ﬁ r%@%!&??&?@éwattmq*&sac gyrivalgnh el yehy ce

conpri sing astuwwaer of planar magnetic nanowires preferably fornmed into a
plurality of closed |oops of cycloids. 1 Septenber 2006 5 The pl anar
magneti c nanowires are preferably less than 1 pmin width and may be

Poroves” SIS s i Sockusbliny sensiiads ol 10 tocr, |1
and fabric % ey énéﬁ%’ %Gﬁ"pl“@ gg‘*%gﬁi\fgrtﬂﬁé‘??’eﬁ%%n P’i?:%aj"g}bratl ng

Wi res above comprsesr < momber (efunhgikm woh@nﬂsefoaﬁécbaﬂtoveipsednhboﬁ@ gachis a likely
practical | %%-Bné ngﬂélumf?% o??%ﬁ%ﬂé ge?ﬁh%Y@ef?éc?&ﬁrhgtadlﬂe&t:{?r{apfev&gﬁlgﬁ{'t wire

form ng techniq sed t not a .technical
effect |ini®, m%ﬁéﬁsﬁh%ﬁ dlrﬁis‘vgwm%fadom%maliaﬁssmﬂ theseagiosypnshepescavingnder

further m niaginvedside ooy fos ASmaFORENY BOhtPere proyRAtddAory helcbadlit The wires

may be deposlfgh%dm‘%pm&ll;syuabﬂéb? denvlupgﬁ lﬂa formof a thin l'ayer of nagnetic

-Preferably each cycloid has a turning radius which is in the range three to ten
times the conduit width.  Preferably the cycloid is such as to produce a
substantial change, for example a substantial 180° reversal, of magnetisation
direction as a domain wall passes therethrough.

In accordance with one embodiment of the present invention, the magnetic
conduit may need to have architecture capable of sustaining and propagating a
domain wall under action of a controlling field. Typically, the magnetic conduit
may be formed as a continuous track of magnetic material. Thus, the loops in
the device in accordance with an embodiment of the invention preferably
comprise magnetic wires, in particular generally planar magnetic wires on a
suitable substrate.

The data storage device may thus use a number of planar magnetic conduits and-

- in particular magnetic wires which are preferably shaped into closed loops of
cycloids. In particular, the invention may employ magnetic nanoscale technology,
the device comprising a number of planar magnetic nanowires preferably
formed into a plurality of closed loops of cycloids. -




material. Wre thickness may be optim sed for optimum performance of the

device, and may be broadly a function of width. In parti i
t hi ckness may generally be around 1/40th of wire w dth.l%%#%@bﬁj@lgness is

generally not Iless than 2 nth, and preferably not less than 3 nth. Wres
are in practice unlikely to be nore than 25 nth thick. The wires may be
fabricated by optical |ithography, X-ray |ithography, m cro- contact
printing, e-beamlithography, deposition through a shadow mask or by sone
ot her suitable nethod. The wires nmay pe nade from a magnetic material such
as Permal |l oy (Ni soFe20) or CoFe or so ot her soft magnetic material. The
data storage device incorporating inversion nodes as above descri bed may be

subject to i i : i irecti i nd in
particul ar T&%%I%F#nh{;%ﬂn%icﬁg?ﬁuﬁﬁﬁéﬁbg l?rgasrﬁlﬁ%rl %?q%]{ovgdrﬂgt%%%&gbefcri bed in

L
greater det Qmefg%fft%ws I ppbgirare Vidiamarkec tsads AT hstrecn hsdmpoyed uncti on.
The provi si storagé @apakity alof devieds ipldyda) hafrawbr | o@D alvirsg @k or nore

i nversion n | | | GE: nce . W hodi t of the
nventi on ¢ Sogufy' BB afa SSHLRRIER SR SARRS aioRr e DBSENSET L. can e
witten to @nejaigranarg nnld@bfdﬂ@aﬁé"ectmtamdéﬁ nghip e dikply pracgealdoveerilimient i on  and
read back agr stal-effdctisl prietitiity @ clir8R Swird forhnle BRENRES. dt SRPAdSPOr age or
magneti ¢ hard di sk s% orage, enbodi rT]stnt%1 Off thf |.gve12‘%|1(1)n reguire no nmoving
parts. Cons@aRsNIS et Ty B Bolsrhmcsl mitagtyimibgan dhals ppipye

~hi gh- vi br at fabricatemtectmiques teuld Téelepfiirther piratofiseidytticrembalyofs thehe i nventi on

i's very sinpl&y gidapnuf acturing costs nay be kept |ow. Moreover, no
power may be reaﬁ?@edﬂpto retain data in the nmenory of an enbodi ment of the

invention when it is not in wuse. Enbodiments of the invention use a nunber
of magneti Cﬂﬁ%géé'rﬁ:ﬁ( b%%pos?tgd on a substrate in the form of a thin layer of magnetic

material. Wire thickness may be optimised for optimum performance of the

device, and may be broadly a function of width. In particular wire thickness

may generally be around 1/40® of wire width. Wire thickness is generally not

less than 2 nm, and preferably not less than 3 nm. Wires are in practice unlikely

to be more than 25 nm thick.

The wires may be fabricated by optical lithography, X-ray lithography, micro-
contact printing, e-beam lithography, deposition through a shadow mask or by some
other suitable method. The wires may be made from a magnetic material such
as Permalloy (NigoFe;0) or CoFe or some other soft magnetic material.

The data storage device incorporating inversion nodes as above described may be
subject to the application of a suitable directionally varying and in particular
rotating magnetic field in a manner of operation described in greater detail below, -
which gives the inversion node a memory function. The provision of a plural array
of loops each incorporating one or more inversion nodes allows a device in
accordance with an embodiment of the invention to store data serially in a ring.




pl anar magnetic wires. The planar wires may be fornmed on sone substrate,

but unlike mcroelectronic nenory, this substrate plays)Rr@nicRibgr 2dbst he

el ectronic or nagnetic operation of the device, serving essentlally only to
provi de nmechani cal support. Conventional silicon substrates may still be
used, but since no functionality is necessary fromthe substrate, materials
other than silicon may al so be used, such as glasses or plastics. Exanples
i nclude. polyimde such as Kapton, polyethylene terephthal ate or

MW/l ar-type materials, acetate, polyngthylnethacrylate or other. Plastic
substrates may have the advantage of "I ow cost and sinplicity of
fabrication and also offering the potential for nechanical flexibility

blasti ¢ car doRohiBE Wil d 8fice iTEBILRL il dndlbBaB HAHANE"  Chani cal
access my B&d F"é‘éﬂ?aglé @@H@C{agﬁﬂe&c‘g tpes; flmlike, JMogRglis fapea€orage of equired i n
conpact di sepagneigniedrd disk ajpeage) dmbadifehisCofhthe dnidhtiéh fdq0ir@ @6, meéving ar ge nunber

of substrat %ﬁ[}{:? &a?ﬁtgfc kteIQQBgBe 69891 ltﬂllﬁﬁﬁlqﬁoeﬁtﬁﬁ SE&)%II B_{.gg]e I%tl(hdl mensi onal

menory cube dens her than
magnet i ¢ taﬁ@VWenFSoWéP prln@mlerﬁgqquemm$ af diesikentinn dgivery Sémﬂlewrl ting data

rates can 1a9@pta6iHaeRrig00sts 1¥1a§98e ¥t Mowi M&réoflerr Rfiptivied thay dBFeqaUe hi gher

th hard di sk d &l mb t f t t
Slare data LR P it s e SCiErtp R oL FEhinien Wngl B ock of dat a

is likely toshe relatively slow, making the invention of limted
applicability as a direct replacenent for the primary hard disk drive in
conputers. International patent application PCT/@GOL/ 05072 applies and
devel ops sommbolinidne of the invention use a number of magnetic conduits such as

planar magnetic wires. The planar wires may be formed on some substrate,
but unlike microelectronic memory, this substrate plays no role in the
electronic or magnetic operation of the device, serving essentially only to

- provide mechanical support. Conventional silicon substrates may still be
used, but since no functionality is necessary from the substrate, materials other
than silicon may also be used, such as glasses or plastics. Examples include.
polyimide such as Kapton, polyethylene terephthalate or Mylar-type materials,
acetate, polymethylmethacrylate or other. Plastic substrates may have the
advantage of low cost and simplicity of fabrication and also offering the
potential for mechanical flexibility which make embodiments of the
invention suitable for integration into plastlc cards such as Smart Cards, or
into clothing,

Because no mechanical access may be required to the surface of the invention, as
is required in compact disc, magnetic tape and magnetic hard disc storage, a
large number of substrates may be stacked on top of each other to form a 3-
dimensional memory cube.

The areal storage density may be moderate, being higher than magnetic tape but.
lower than magnetic hard disks. Reading and writing data rates can




principles of the Cowburn and Wel |l and paper referenced above to describe
how digital logic circuits could be constructed from ckp%ieéﬁmggrmgonetre
scale dots of magnetic material, or nanonetre scal e planar nmagnetic wres.
In particular, is described a magnetic NOT-gate which is shown in figure 1
of the present application. I'n figure 1 the arrows represent nmagnetisation
direction within the narrow strips of magnetic material which formthe
gate. The central structure of the gate reverses the direction of
magnetisation comng in fromthe lefts In use the gate is be placed in a
magnetic field, the vector of which rotates in the plane of the device

with tine. WiveSt hibher fAgiirde Snd ev@MRigkt TRAt Bard iisk NBive IrMEe HdwRRerd S NOt
limted by any the [ of. oe%gelratl on, It can be not eddthat because of
mmgnet o shBEoURFTG R RL RTe Ehte SRR AT B 3§ REeS BTG b al | y
confined t @iven blogk oiivipid ik dikélgngbarisivell stolse making thelihvantioe afibmitétat t here may
De WO POSSlyBGeablRPNG! A WO Rethdefieth 20 1RNPHif8 HEKCaRE! v f natura

bi nary representation. A chang I'n magneti sati o Irection nmay be nedi ated
by a magnet C€M@8IfAFn wal | being swept along the wire by the applied field.
The fact that the applied field rotates neans that domain walls can be
carried around coners. In accordance with one enbodi nent of the invention,

a NOT- gat e dnternatignal pafent iapplicaiine SEEPOHRW72bpnlies sl deaplppscwmediiie a suitabl e
net hod. | de@ﬁhédipléﬂﬁftﬁé E58Pim aRd WAREE pifeerekerSRBA aBIRR o d8RGIbe RoWhape of the

‘gate may be .o i ed sli.ghtl rom t hat own.,nFig. 1to ha a

O o dal S fine! 16 it ould ' fhietted B Ao e R ot o i t o

i nput  usi ngo eflintaghtte meipred. or mencluetre scdd psnaa phguets wiggnbBtic wire to
forma  cl o3gdcliROR: dchGitRl aPhagetiS WST-bAORMIABY hMif Awdl$\drGf O the

i nvention L.
present application.

In figure 1 the arrows represent magnetisation direction within the narrow strips
of magnetic material which form the gate. The central structure of the gate reverses
the direction of magnetisation coming in from the left.

In use the gate is be placed in a magnetic field, the vector of which rotates in the
plane of the device with time. Whilst the devices of embodiments of the
invention is not limited by any theory of operation, it can be noted that because
of magnetic shape anisotropy, the magnetisation in the wire is generally confined
to lie along the long axis of the wire. This means that there may be two possible
magnetisation directions and so there exists a natural binary representation. A change
in magnetisation direction may be mediated by a magnetic domain wall being
“swept along the wire by the applied field. The fact that the applied field rotates
means that domain walls can be carried around comers.

In accordance with one embodiment of the invention, a NOT-gate similar to
the one described above is fabricated by a suitable method. Ideally for present
purposes the




-according to this preferred enbodi ment, which conprises planar nagnetic

nanowi res formed into large closed |oops of serially copregisBecHpkol ds to
form chains of magnetic NOT gates. The output of the |ast” NOT gate in each
chain may be fed back into the input of the first NOT gate by a pl anar
magnetic wire so as to forma closed |loop for the data sequence to

circul ate around. The cycloids nmay serve as inversion nodes for propagating
domain walls as they propagate through the nanow res under action of a
suitable rotational operating field jn the manner noted above and
described in greater detail below Th inverted output may only appear
after a tine delay equal to one half of the period of the rotational

appl i ed 11 elbpoltiadgiBkens b%%sulﬁem&g%itmrmqﬁat%pm in 2. 3 10 8RO € DI !
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providing a sl nmagneti c
di accoBHRg & Fléél pmfﬁ@edxambpﬁlglw Whlﬁb Q‘Pﬁgﬁ@ﬁ elamﬁemgnthe t

field drivenai®Byiresploghar @k Mrg@%lo%@d 104ps §tU§éHa1 bdiaa Wclovdsng frhel d s
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appl i ed si mil't ant ﬁ%‘%nﬁgogjgate& iﬂlﬁe 0‘}%% ﬁhel Sttﬁ(g?sgg tlﬁﬁ"? ’§‘ my give a

-dlstlnctlvenﬁeéﬁdhbb@klmhehQHeBEMhh@ﬁeﬁéMfﬁgMebpemQMqungMvaagnet|c field

may be appl g@gsmoﬁmgclsgewo?f&m@da%s i 188 of the data bits
advance together, i1 nstead of only |oc y un er t MWIte head as woul d be

the case with conventional magnetic data storage. 1 Sept enmber 2006 9 Any
sui t abl e fi Ghelcydvidhmaeservesadactrsidl aides ablpmpagdmrdama@tdzansfab gyl driver

provides a 51%95&&%' ﬂh?o%gﬂ%ngzldo&urgé Giddr G8 ralnszilo & ' snugtaﬁe rotifiond! ope:ra(i'inmiI tields
field in the manner noted above and described in greater detail below. The
~ inverted output may only appear after a time delay equal to one half of the period
of the rotational applied field, which makes each inversion node appear as a
single bit memory cell or flip-flop. Thus, the loops of cycloids may have the
same memory function as a serial circular shift register, and can serve as a data
- storage devices in accordance with embodiments of the invention.

Also disclosed is a data storage system comprising one or more device elements
as above described and further comprising a magnetic field driver for providing a

- controlled time-varying driving magnetic field. The magnetic field driver may

- preferably be set up such that the driving field is applied simultaneously to all of the
| cycloids in a given loop and may be applied simultaneously to all of the loops
in the system. This may give a distinctive feature of the present system in
operation. The magnetic field may be applied to the entire loop at once so that all
of the data bits advance together, instead of only locally under the write head as
would be the case with conventional magnetic data storage.




operating in a predeterm ned sequence, preferable alternating, and nore 5
Preferably formng a clocking field in a cl ockwi se or aTt§ep%hﬁ%%®e
direction. Using such a system data nay be stored in the storage
cdevice(s) in accordance wth the first aspect of the invention. The system
4 may further conprise suitable electrical and/or data input and/or 10
outputs to enable the data storage device to be used in a nenory storage
and retrieval system An exanple of the opergation of a magnetic data
“] storage device in accordance wth the principles of the invention will now
{ be described by way of exanple 15 with reference to figures 2 to 8.
Reference is madg to figures 1 to 8 of the acconpanyi ng draw ngs by way of
such illustrati dﬁ"y iSH"ﬂﬁFcﬂ\e.ldFmap be envi8aded SP?ef%C%fnary c representation of
a prior art rragzﬁ. Vifle -cgaé_e (see ab(_)ve%e; "Fi g 1% 8¢ fRaematicc fiMldl dgate
nodi fied for use as a datd@% PB?@g@aMcceﬁdl@ c&ﬁg%%agfetywith t he
invention; 25 Fogefating 5 2 ?ﬁ‘l?m&t.i c . representati o 0 e orthogenal diedds
the NOT gate of figure 2 °( PAFCIHIRAd #qucnee, eplefetabRN afieARTRILD vva(LI
entering at Yoi Preferablydfimishg o .il?n,ﬁg a rotating magneti ¢ Pe| Yrdy more
------- - 1 %g.tenber 2006 10t gufe!dinspslockvhsecer amtiroRickeriNOF; &S
connected in a ‘ﬁgSﬂghﬁ(sysmnﬁdafatma?geiﬁémahifl'g register in Part ,& a
Part B shows h%tﬁih@ﬁe (trace 1) and red'in t ¢ storage device(s) in accordance
| 1st aspect of the inventi on.

15

- Reference is made to figures 1 to 8 of the accomp

] mpanyi i
such 111ustration, in which: panying drawings by way of

LS

Fig. 2 is a magnetic NOT gate modi

| | fied for use a
accordance with the invention; -

25

figure 2 (Part A) and of its effect o a dom

, . ain wall entering 4t oint ‘
‘the action of a rotating magnetic field k- g at pomnt P unde'r-




by the application
: of a rotati - -
showi ng t he - - ng magnetic field (th ; -
Show o 12" £ o112 Toonutere the st b SRR o
forma 13- bit seri even magnetic NOT gate : .
dat a sequemt:)lat i%: ?lngrrzggmdl ?hPalrt A, and Partg B :hgagngcgiegpig ‘;‘S“b_”tg to
magnetic field (the 10 : e | oop under the action of a rotati !
wher 6 ‘asterisk in Part A showi of a rotating
the measurenments’ shown in Part B Were Vn\%gg)thle:i galrgtal inst he lﬁOp
' a schematic

illustration of the dat iti

15 Fi _ a witing and read- ; ; i

Figure 7 ji5,f 3Ghewstthreithhgesticall gﬁtﬁg%tcﬁg‘%gg?%? mmn%’f]o fmflmmnt ' on.
By etic | oopg on

the same substrate, addr d i ndi
. ) essed i :
demul i t pl exeggial ZiMiﬂFirggisgarginiegarlgngL\#gm% >BI t%?ﬁo%%?éw aimplen(iracp e R8s and -

a nunber of substrat cht ustration of t '
3. di mensi onatomphr §TEE 5@%"1}}%@%@59 1439 ba fotueden cfculnie @rqwg{;ﬁiets HRging of

> > . shows a NOT ' |
T Rl am ot A 1o
2 _ HCRHg! made b i by, "
nm t hi ck Pe%gmﬂi{?}(hémoﬁﬁﬁﬁe):hé r'ﬂeﬁs‘ﬁﬁg&n Jh%g‘%ﬁ%sd%%rgpr?tgg%gwuﬂ%l tnﬁe()];:)r?1 ht
: ig

white shade i ' i
; magnetic material; other contrast is due to the nulti-st
-step

mlling process used duri
ring the fabri [ [
ication of the gate. Fl'gmgﬁﬁ t he
et

.gate with its output connec
: . ted . i ; . .
e 10 for miagmecbe VOB R RPABUEISON S el 53 o 1 Sopr o i

the gate st ' :
ructure, which Repad £ysidPaalBishows avsigide dggﬁ"?gg séiifice 1+ f

bit serl
round the loop under the action of a rotating magnetic field (the

cycling a
10 asterisk in Part A showing the point in the loop where the measurements
shown in Part B were made).
Figure 6 s a schematic illustration of the data writing and read-out mechanism
of this invention.

15
Figure 7 1s a schematic illustration of a aumber of magnetic loops on the same

“substrate, addressed  individually by electronic multiplexers ~ and

demulitplexers;

- 90 Figure 8is a schematic illustration of the stacking of a number of substrates

each containing a number of data loops to form a 3-dimensional memofy cube.
gure 1, but particularly adapted to be
e a cycloidal shape. The gate is
thick Permalloy (NigoFey) film

Figure 2 shows a NOT gate similar to fi
optimised for the present jnvention to hav

25  made by focused ion beam milling of a Snm

on a silicon substrate; Only the bright white shade is magnetic material; other

contrast is due to the multi-step milling process used during the fabrication of

the gate. Fig 2a shows the gate with its output connected back to its input

* using a planar magnetic wire to form a closed loop. Fig 2b shows a close up




In response to an applied rotating nagnetic

measurenents at points | and I
field are shown in Fig. 2c. There is a half-cycle del aybghywa@e idpe | nput
(trace f) changing state and the output (trace Il) changing state equal to

.-one half of 5 the period of the applied rotating magnetic field, which

“ corresponds to a nenory function. Figure 3 gives an explanation of the

I nverting action of the cycloid and in particular of the origin of this
delay. 10 Under | ow magnetic field conditions, the magnetization direction

within sub- micron ferromagnetic planar wirekltends to lie along the wire
tic shape ani sotropy. Wen two oppositely

| ong-axi s due t@f shEO ne
directed magneti zat?o%gt@ngg?mfﬂnfeni WiHch hes Bhecyctoidhli oRmmNt ppl spiccessi ve
. . . - Oé)p 1Ca
“atomi ¢ 15 magnemeasursBaits a'tgao'ﬁ% Iaé)vn\glﬁt but occurs gradually over
‘certain distance to forma donain 10 ECSPQH%W-Rm@ppliédﬁabta@iﬁg%gg"‘@k‘% S
can propagate afiéltharstshavghin Bigb2ai qhep is%qgtigp\/(\fle es by application of a
-magnetic field ﬂar allel to the wire. I'n use “28Y bstweem the mpan{traye a
S

magnetic field C‘?&gmgeataw aind thevewtpQr (. with ti in the

“sanpl e pl ang Cqﬂe&?eﬁéfd§ ngpr opagat e qgnﬁllg\gpﬁﬁsﬁgggﬁe CHERintetone hplfax
that al so change directionEn8PRlifdhrelatingrmagidtes Hepgk b ?5

- count er - cl ockwiraembe} &idQppdef i nes the magnetic fiel d %l.ra ﬁr?sfonﬂs dénti n

- wall should propagate around a magnetic wire corner providing that the
~field and 25 corner are of the sane chirality. However, the chirality of a

on the direction of domain wall propagation so that,

conmer depends _u :
within a rotatf HPerhghess an fexplatlatibn YV@eR ok rj(glnté/ a gomai n wall will
|ir:1ﬁ,i actipn ek the eyctond sind in

I ven corner

onl.y be able t as t hy ough_a
satisfies the ﬁ%’%‘&f‘f%mfht{l? eggin rt dedy.any | ogic systems that a definite

signal flaw direction nust

Ufldel‘ low magnetic field conditions, the magnetization direction within sub-
m.lcron ferromagnetic Planar wires tends to lje along the wire long-axis due to
§trong | m.agnetic shape anisotropy. When  two oppositely  directed
Mmagnetizations meet within g wire, the re-alignment of suceessive atomic

15 magneti ts | ]
gnetic moments is not abrupt but oceurs gradually over a certain distance to

form a domain wall,

It is no.w known that domain walls ¢an propagate along straight sub-micron
magnetic wires by application of 2 magnetic field parallel to the ﬁire. In use
20 o__tj the.present invention a magaetic field is applied with 2 vector that rotates
with tujne in the sample plane can be used to propagate domain walls alon
magnetic wires that also change direction and tum corners. The clockwise of
counter-clockwise rotation defines the magnetic field chiraiity. A domain wall

“shou] agnetic wi
~should peragate around a magnetic wire corner providing that the field and




1 Septenmber 2006 12 exist. The two stable magnetization directions within
sub-m cron magnetic wres provide a natural nmeans of reRepRRMBEI AWt he two
Bool ean |l ogic states and this, together with application of a rotating
magnetic field, is the basis of operation of each logical unit of the
menory device.'5 The cycloid illustrated in figure 3 provides an inverting
function and denonstrates NOT-gate functionality when wthin a suitable
rotating magnetic field. Suppose the magnetic field is rotating in a
count er - cl ockwi se sense. A donmain wal l riving at termnal "P (fig. 3B)
of the junction wll propagate 10 around_the, first. coriper . t inefiet i on
(fig. 30 a iTSDr”nghwbcstﬁﬂeﬂhagmetwioasdlrﬁq’é’“ép%]tb@dslp:;érflgltorn 0?%933 from

the horizontal to the vertical direction. The . DRONEFNi10 ichestesend” P
and " Q il | wiewpbevidentriatiusligiepns af.cf@bﬁs.e“ﬁ‘ﬂ r?l,’ as the mag%etic field

vector continues to rotate towargds t RRESIt Mmabsstic dieldy is dier besis &, the
domai n wal | ﬁh&ut%eﬁﬁép‘ﬁﬁﬁt@pg{?atg%% c{?ﬁ%qsecogd cgr ner of the 15 junction
(fig. 3E), exiting at | A2l uni ofahé ni@adgrdevicecont i nuous  nmagneti zati on
bet ween " Q aﬁ‘afav.%“ éatagﬁaggrgé]ﬁ zation of the wire imediatel y after the
‘junction 5$houl d now be reversed conpared with that inmediately before the

junction.” The junction should therefore_perfarmthe . ink€ Gudellor unek | on

| }[NI th a half fiipel @ye]_p{tdl eiclilpsmﬂfgatﬂ digwel féfoﬂ’ﬂijS %@dgga???&r&ml f gg?é&%%ous

.to a car reversing its_directign ttfin b RuREblepotatingtiuAg. ere
is thus. a haktbnmtrétesé‘{gT'&?é‘? ﬁwcgéfl&@&n\%ﬁw\/\all arriving at the inRut and

| eaving fromthe Qutput.. | L8 irgfatingEini #l eonntes clogkWigehFEPSe-
f@gdgqx%@)s[; Jhe %ﬁé@seﬁc (815 IrefAtingen 1

synchronous socl ated nmenory functi on which, ca ,.
expl oi'ted by Jomain wall ariving at terminal ‘P* (fig. 3%) of the junction wﬁl pr‘gbéé%te y

EYs

10 around the first corner of the junction (fig. 3C) and through to tex:minfll ‘Q’ as
the applied field rofates from the horizontal to j;he vertical direction. The
magnetization between ‘P> and ‘Q’ will now be continuous (fig. 3-»D). Tl.len, as

" the magnetic field vector continues to rotate towards the opp091te horizontal
diréétion, the domain wall should propagate around the second corner ‘of the

15  junction (ﬁg._ 3E), exiting at terminal ‘R’ and .rcst‘ormg co_ntmuo.us
magnetization between ‘Q> and ‘R’. The magnetization of t‘nf: wire
immediately after the junction should now be reversed compared with that
immediately before the junction. The junction shouid therefore perform the

desired NOT-function with a half field-cycle prop.agation delay. This )

- - ) - - - e_
20  operation is analogous to a car reversing its direction by performing a thre

point turm.

There is thus a half-cycle total delay between the wall arriving at the input and
leaving from thé output. In this inventi¢n, we identify that this syncl'lronous

25 delay has an associated memory function which can be e}i:plolted by
| connectiﬁg a large 'number-of maghetic NOT gates together in sg_nes and then

piping the output of the chain back to the input.




connecting a | arge nunber of magnetic NOT gates together in series and then
pi ping the output of the chain back to the input. 1 1 SemepiEhfper 20836 13
Figure 4 shows a reduced version of the invention in which three NOT gates
“‘have been connected in a chain, and the output of the chain fed back into
the beginniing of the chain by a planar magnetic wre. W have progranmed
two different data bit sequences into the device through a specific
application of 5 magnetic fields and then started to cycle the data around
the loop by starting the rotating magnetic f{i{eld. Trace | of Fig. 4b shows
a sinple bit-squence cycling around the chain: the pattern repeats every
5 cycles of the ri&U& i“rﬁélowsea dedu'EEd%réibn%fftﬁé%i 4? shows . 10 more conpl €x
seguence cyclinqug%qynd the | oop, with a perio ‘5P’gndydvé@hdhﬁwH§Oﬂbg@k§ng

field. The devicé I's eé’f’f%’é’t"ﬁ‘?/@ﬂ)inbiedmih,m(ﬁﬁ,eaoé%tpg ‘%f &%r%ﬁ{in gqra Et it th
to t [ Inio the

register. The d etk ence takes one step eri
conplete cycl eafg?"ﬂ?tég r%g?ri? Eﬁfﬂ“f Ye? #lamthewgndtit &/iy@rw@m@ﬁi E&%r %ﬁ%\%ﬁ a

ter- cl ockwidsfd 2N+ i d the. data were cyclin d%ohe

Tagneti ¢ Ting 15 in & counti At ERiae terbyicontrough ot iSRG e
rotating sen'ge Bragnptc fieldd shd therl Q5K § causes the data to reverse ©
Cfﬁéc R&Eﬁ é{ﬂracarﬂung the leope bycsl@ﬁiﬁg

5b

direction and tg begin to cycle around
sense. Figure 5 SHOWINE magnetisificlde i nvention using 11 NOT gates. Figur

~shows a 20 sinple bit sequence cycling around the loop with a repeat
period of 13 cycles of the rotating field. . Data are witten into each

. loop by a curr@hbhe€dlgfipogh it hographic wire passing over the top or
¥ u')1der_neat h the planar msllgnzgt) i%"\%graeﬁmpg@ élteﬂequcmmjcmingoimﬁﬁ‘& Bhe chain: the

att
pattern repeats every 5 cycles of the rotating field. Trace If of Fig. 4b shows a

3

tl i ice i
1€ rotating field. The device ig effectively behaving as a 5-bit serial shift
i

- register. The data bit sequence takeg one step to the right on

' each
cycle of the rotating field. complete

These _data were obtained using a counter-

15 ina counter-clockwise sense. We fi

20 simple bit Sequence cycling around the Jo

Data ar itten i |
© written mto each loop by a current-carrying lithographic wire passing

~ over the top nar
P or underneath the planar magnetic wire. Data are read out of each

25 loop by usi i i
. P Oy using a magnetic tunnel junction attached 1o one part of the loop or b




25 |l oop by using a magnetic tunnel junction attached to one part of the
loop or by neasuring the electrical resistance of a domgiqypalter phg@sent at
one of the <corners of the wire or by nmeasuring the electrical resistance
of a domain wall present in one of the NOT gates. 1 Septenber 2006 14
Figure 6 shows exanples of these data input/output nethods. Data is witten
ing electrical lithographic wire (61) which into the |oop by a current
carry passes above or beneath the ring. Data circulates around the loop in
the “direction of arrow A. Data is read ¥ut of the | oop either by formng a
5 magnetic tunnel junction between two electrical .c L Sp&@AL wiittene

poi nt of theﬂggg)@(;(él%emﬁp]le} ofthesy @E}%F‘&P‘H@o‘&%t I@P{g@tﬁri cal contacts (63)
to neasure e

of the ring idbaherloppniy ). cumentcary/ng i SAprsh thicggri nvention (nqt

hown in
~the figure), the magnetic, condui i 1 selatf Ogisculates favoumds the deeR) mo@"ﬁ of
i nver si on nogesses bibpvﬁa‘?%QFn%f‘q#ith%zﬁrﬁgz Dat

halin of inversio not(P:Iei.vm'E daata
witing facility. at éﬁngrrg&d of g shad eund ofathe lopéa’élaff‘é A PW”& at the
nn

other end of difREteth is case, it is necessary, f t ébntrol
circuitry to fee ;I;angﬁt‘anm@kbedmtxrtm dacmpaf rcem%ﬁﬁéhtaﬁé%‘g?%ﬁéf t he
chain to the™ % of 't e] chain so that data i’gs Sc;[a.il |Cbn@lglge(69})t@hﬁ@8hﬁﬂe
around an appgd s ngﬁeﬁ@adell)@mrby appbyagty A 6558 €t i n a nmagnetic field,
the vector of which rotates ip the ‘Bl%ﬁ%% ta‘}f,e&%tﬁiﬁ@SMHﬂmﬂ ofighering
frequency in thdeesisiages OEATYOSPTRALR, &P eld” 20 magni tude may be const ant
as the field rotates, ,thus formng a circular |ocus for the magnetic field
vector, or i t{lovesr ; thus formng an elliptical |ocus

| i tic conduit
10 In a variant on this jnvention (not shown 1n the figure), the magne

i i i chain
itself does not form a closed loop of inversion nodes, but rather a linear

iti ili in and data
~ of inversion nodes with data writing facility at one end of the chat

reading facility at the other end of the chain. .In this case, it 1s nece
- . i ut
external control circuitry to feed the data back electronically from the outp

is sti irculate
15 of the chain to the input of the chain so that data is still able to circu

ssary for

around an apparently closed loop.

The data loops sit in a magnetic field, the vector of which rotates in the piane
i he field

of the loops with time at a frequency in the range 1Hz-200 MHz. The i )

20 magnitude may be constant as the field rotates, thus forming a circular Jocus

‘ i i iptical locus
for the magnetic field vector, or it may vary, thus forming an elip

. . e b
for the magnetic field vector. This can be achieved in small area devices DY

_ ’ o
placing an electromagnetic strip line undemeath the loops and then passmg a

ip li i ubstrate
alternating current through the strip Ime. In larger area device, the s

25  carrying the loops is placed within a quadrapole electromagnet.

The field magnitﬁdc' should be strong enough to ensure that a domain wall can

| ' | { new
be pushed all the way through each NOT gate, but not so strong that ne

in ism.
domain walls can be nucleated independently of the data mput mecham |

resi stance of any donmin ilcalc‘ﬁm 'gﬁqcm&hi(ﬁlhvshiﬁhl par t:.




for the magnetic field vector. This can be achieved in snmall area devices
by placing an el ectromagnetic strip line underneath theg depRRbHeANGbe hEN
passing an alternating current through the strip line. In larger area
device, the substrate 25 carrying the loops is placed within a quadrapole
el ectromagnet. The field nmagnitude should be strong enough to ensure that a
domain wall can be pushed all the way through each NOT gate, but not so
strong that new donmain walls can be nucl eat gﬁd i ndependently of the data
I nput mechani s‘mHlMS}%pterrber 2006 15 The fieltd required to push a donain
wal | through eachh&\GElQaGLa; d .by varying the thickness of the
| oops, the width of the%oo%g@%ﬁgsﬁﬁg%%ﬂé‘ﬁlkmm amlN@quﬁtb%&H%elﬁ:Q&
urt e

| oops. This fielW ¥¥Homngitheahicknes engy t he. device does not s
‘erasure from st;nq% anei ent magnetic fi gpﬁé@qﬁ%g‘/@h ?fﬁv@ﬁtlp@w ey theermahelided
using MiMetal i f&fralvsdetogmaka she doorss. aTﬁ{SOHéI?r%lgu% o;&ri m sed device
wi'll use appliedeficgl goe%trepgtpts in the range o ulch be Farge neaighnthehtheon
may conprise a |arge nunbeft B‘éteéaﬂlmop&omnsﬁa}sidﬁ%ignfs%r ﬁte ]\gﬁth
el ectroni c rl tilmeﬂﬁ@ﬁﬁna;}‘gegﬁ@ﬂ%tﬁ#-eX%s bei ng used to &4d &shielose lhe
correct loop, as illustrated™in 43 138 .UMﬂminﬂfstrapfﬁd]@Q%u%@sgrb?

(71) and data rea ingﬁem'

bet ween data wihtdptignided devise and yaul L P exe .
dermul ti pl exers and anplifiers (75&?akhﬁ%cgﬁﬁ%“%ﬁﬂﬁnuéh@&tw50320@@’@&
of loops and the nunber of NOT 15 gates in each loop will be found for 'a

gi ven applicat iﬁ{é.igg\e%gqla{/rlnénunber _of | oops each conprising a | arge nunber
- of NOT gates w'l dLpmprtse acheapnimbi i nto a. package but
will be prone it didcphity e entire = devi Bée{'%i?&%ﬁs‘for?éloél ABIE{fatubstraid s
't hrough manuf act uring det eg?”g.'P]gﬁEW and cbmiltiplixers Weiny AL&P 10 W Rirds' ol
data acces@ t1 eerreadoop s tad by %iéuar%gf A number of lo e
. d .- . .
ata writing drivers and multiplexers (71) and data rea

amplifiers (72).

Ops are shown between

ding demultiplexers and

i ..

oops each comprising a large number of NOT gates will be very easy and

cheap to i 1 i
P to integrate into a package but will be prone to failure of the entire

doviee ) _ .
evice if a single NOT gate fails through manufacturing defects. Such a

2
¢ | number of clock cycles on average for a given data bloc

25

gates. This | ative — j t
18 15 purely figurative — ip practice each loop will contain many

thousands of gates. .




20 nunber of clock cycles on average for a given data block to cycle round
to the reading position. A large nunber of |oops each gapfirberttnog snal |
nunber of NOT gates will be very resistant to failure of 1ndividual NOT
gates (the l.oop containing the failed gate can be taken out of circuit

wi thout significantly reducing the overall storage capacity) and will have
a rapid access tinme, but 25 will involve nore reading and witing points
" (and therefore higher cost) and it wll _be nore conplicated to integrate a
| ar ge nunber of |oops into a single intlggrat ed circuit package. Al of the
figures in this docunent show | oops of 8 gates. This is purely figurative
- in._practice each loop wll contain many thousands of grgiat esar%tie t enber
2006 16 A particular feature t-he j.aventi ignet Atobnienits HfMmted ..
to a 2- di nmuslbmtiaulaplﬁaﬁ’@lrpnogﬁé‘%ilﬂﬁc‘l&a al% otggts. Unl i ke conpact 'ditﬁﬁe
magnetic tape and rrgg eti.ﬁ ﬂi?ﬁﬂg@a%hﬁb@-r afdikeocomspaeirisal & S
required to difENSIGRR g 16 e“invention. Substrates may %eﬁbglsgpﬁgeon top-
of each other to fo‘{tﬁ@h{’rd Siosnsigne neebanicalaecessISIRAWR™T ' Fiigure 8. This
has the advaadl‘g’&@g% al low ng nuch hi gher ‘gatat Stoqa’%gﬁ Slgasid fozm 4 8-be

achi eved.. | f_ggsiinoshtial.! Sabstratbe maybes PRCES OPn'°R Cube may share the sane
appl i ed r50t atl ng nmagnetic field,  thus.k 'rgg t hepisaues shd mdvantage of

synchr oni sat fpwensidrial edeth Qb‘bﬁelaseﬁli‘awtne%?i?@g the 10 conplexity of the

devi ce. The invention rrgé l?e (ga?nftoqgé%eeﬁcﬂsﬁiésmwlbé achipued.a IE demifed: 889
-stream of danl:howmgrmuph ghele ,ag reans of data words of nulti ﬁ@f@l& wi dt h
may stored bi’ using . seyer al vt il sRirel thy samiei appiedarateiing MERKCise of the

heosubsiate® i

| ow access t _

nvention 1s not suitable as r cine the ,
thus keeping the layers in synchronisation with eac o%l?éraé:rf'drf'élfu g |

10  complexity of the device.

i i i of data,
The invention may be configured to input/output a single serial stream ¢

or if desired, streams of data words of multiple bit width may stored by using

several rings or layers in parallel.

15 |
1 ion 1 1 ement
Because of the low access time, the invention 1s not suitable as a replac

jcation in
for the primary hard disk in computers. It may, however, find application

some of the following situations, as well as others.

e Temporary storage of digital music for pocket digital audio players )

20 such as MP3 players. This application requires low-cost, non
i ich 1 d

re-writable storage of digital information which is usually replaye
wires, a NOT gate would occupy an

-volatile,

- gerially. Using 200nm-wide planar | - '
rea of 1um2 A lem? single layer covered with data chains woul
a .
therefore provide 12 N_Ibytesrof serial data s
| 25 ' for 12 minutes hours of _CD-quality music.

provide severai hours of CD-quality audio at very low cost.

torage, which 1s sufficient

Stacking of layers will

ry storage of digital photographs in digital cameras. This

‘e Tempora -
| by FLASH electronic memory, .

function is accomplished currently

imi ' wri es.
which is expensive and which has a limited number of re-write cycles.




for the primary hard disk in conputers. It may, however, find application
in sone of the follow ng situations, as well as others. gefRMRF 2006 St Or age
of digital music for pocket digital audio players 20 such as MP3 pl ayers.
- This application requires | owcost, non-volatile, re-witable storage of
digital information which is usually replayed serially. Using 200nm w de
pl anar wires, a NOT gate would occupy an area of 1nR. A l1lcnR single |ayer
covered with data chains would therefore prqyide 12 Miytes of serial data
storage, which is suchi enlt 25 for 12 mnutes hours of CD-quality mnusic.
Stacki ng of |ayers i Non-yolatiledefigeestaladBOmS nidh: ality audjo at very
| ow cost. Tenporary storage of digital gﬁo%g?{z}fg ]g[%?]ﬁbq’(ff’gi’gﬁonégﬁggtgg_seys,
This function is accBff f¥reemputerentd SMARTIAEH el ectronic menory,” which
i s expensive and which has a |imted nunber of re-wite cycles. 1 Septenber
2006 17 Non-volatile offline storage for nobile phones, personal

organi sers, palmtop conputers and SMART. cards. 1 Septenber 2006 18
- CLAIM5 A data storage device for storing digital information in a

readabl e form conprises one or nore nenory el enments, each nenory el énent
~conprising a planar magnetic conduit capable of sustaining and propagating
.a magnetic domain wall formed into a continuous propagation track, wherein
each continuous track is provided with at |east one inversion node whereat
. the




magneti sation direction of a domain wall propagating along the conduit
under action of a suitable applied field is changed, eagRepichpersiogn node
conprising a portion in which a direction change away froman initial path
and a subsequent direction change back to the initial path are provided in
the conduit such that no direct pro;lz)agati on path is possible across the
deviating portion. 2. A data storage %levice in accordance with claim1
wherein each continuous track is provided with at |east one inversion node
whereat the nagnetisation directi &ZLAIM8 domain wall propagating along the
conduit under action of a suitable applied field is substantially
reversed. 3. A data storage device in accordance with claiml or claim?2
wherein each continuous track is provided with a large plurality of

i nversi on nodbs. 4A dataasterage odevigs dewv istoeing ndigitalo infameationi ith aany pr ecedi ng
claim wherein a c hi ol i nt.o 0, o rise a
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~any precedi ng cl ai memapeelemnantacompribing a ¢lwsr mognefioroondwit eapablee cl osed | oop

but a chain of in ' ok S, e ns are
provided to tr ansf?éﬁuggl?gﬁ%gﬁfwg%ﬁ?%gggagg%H?%g@e‘g?ﬂg_g at data is
still able to circilfaiecoatioimd papagapiparteck| yheles edthl coinuetse means
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S magnetisation direction of a domain wall propagating along the

conduit under action of a suitable applied field is changed, each
inversion node comprising a portion in which a direction change
away from an initial path and a subsequent direction change
back to the initial path are provided in the conduit such that no
direct propagation path is possible across the deviating portion.

2. A data storage device in accordance with claim 1 wherein each
contimious track is provided with at least one inversion node
whereat the magnetisation direction of a domain wall propagating
along the conduit under action of a suitable applied field is

substantially reversed.

3. A data storage device in accordance with claim 1 or claim 2
wherein each continuous track is provided with a large plurality

of inversion nodes.

4. A data storage device in accordance with any preceding claim
wherein a conduit is formed into a closed loop to comprise a

continuous propagation track,

5. A data storage device in accordance with any preceding claim
wherein a conduit does not form an entire closed loop but a chain -

of inversion




other end of the chain, and additional circuitry to feed the data back
electronically fromthe output of the chain to the input géi)telﬁg\%ﬁzmai n. 6.
A data storage device in accordance with any preceding claim erein the
di rection changes conprise 90 deviations fromthe initial path of the
conduit. 7. A data storage device inqgccordance with any precedi ng claim
wherein the direction changes fromthe initial path occur gradually over a

di st ance al ong thencq%gid%{&%%érgg%% p?%vi&dq%tt?anﬁfepEiglggjeg%/einctﬁe it‘po accordance

wi th any preceding e 1 nversion node conprises a cycl oi dal
portion within a eslsdilieteof sopthst defat isr giilbrble toopiwtudate caburelqan val ent  of

such a structure. a t ge devi | r e, W.: claim8
conprising a pl ur%%%af@ﬂgf &gﬂe(%:lhsz? ’clﬁ})ei g%ﬁsgg?@?ﬁﬁggpafg\%dgﬁhﬁg each | oop.
10. A data st or agefagidhity @b oher end of thiadlain wnd ldatal mading fedlipritstheg a nunber
of magneti ¢ condui bihef QEATBR leiict WS Sl BARTIRAR, (CRIPHSHRY @ PIurality
of cycloids serving to effect abrup Irectional “reversals I n a
magnet i sati on di r ekackoseadfonicallp o theneutputpefsibi nhainhtertbadmmg ©f 11. A data
storage device in geeprdance with one of claims 8 to 10 wherein each
cycloid has -a turning radius which is in the range three to ten tines the
conduit width. 1 Septenber 2006 20 12. A data storage device in accordance
wi th any precedi ng cl ai mwherein

' 6. A data storage device in accordance with any preceding claim

wherein the direction changes comprise 90° deviations from the

initial path of the conduit.

7. A data storage device in accordance with any preceding claim
wherein the direction changes from the initial path occur

gradually over a distance along the conduit track.

8. A data storage device in accordance with any preceding claim
wherein the inversion node comprises a cycloidal portion within
a conduit loop structure or a topological equivalent of such a

structure,

9. A data storage device in accordance with claim 8 comprising a

plurality of such cycloidal portions provided in each loop.

10. A data storage device in accordance with claim 9 comprising a
number of magnetic conduits formed into closed loops each
comprising a plurality of cycloids serving to effect abrupt
directional reversals in a'magnetisation direction of a domain

wall passing thereacross.

11. A data storage device in accordance with one of claims 8 to 10
wherein each cycloid has a turning radius which is in the range
three to ten times the conduit width.




"the nmagnetic conduit conprises a particular generally planar nagnetic wre
- on a suitable substrate. 5 13. A data storage device injgggemdangpew th
=tlaim 12 wherein the magnetic wre conprises a nmagnetic nanowire with a

t hi ckness of between 2 nm and 25 mm and a width of between 50 nmand I m
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12. A data storage device in accordance with any preceding claim wherein
the magnetic conduit comprises a particular generally planar magnetic

" wire on a suitable substrate.

5
13. Adata storage device in accordance with claim 12 wherein the magnetic
__wire comprises a magnetic nanowire with a thickness of between 2 nm
ahd 25 nm and a width of between 50 nm and 1 pm. | .
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