WO 03/083874 PCT/ GB03/01266 1 DATA STORAGE DEVI CE The invention relates to
a data storage device for the storage of digital information such as
conput er Wploa®g3sdd gital nusic, digital video etc. In 5 pacricriBaizeshe
invention relates to a data storage device to which data can be witten
and read back an unlimted nunber of tinmes. A wi de range of data storage
devi ces has becone avail able in recent yeg enpl oyi ng a range of nedia
for a range of digital data storage applications. 10 Data storage devices
are designed which are adapted 3,.Va of operati onal
characteristics, including capatiey? Ssy f s, wite/ rewite
ability, abi I|ty to retain data stably over t| me (with or without power),
size, robustness, portability and the |like. 15 Known data storage devices
i ncl ude magnethé ihaoRict €RES, tdTRO et %tdi'%éj dvide feit ﬂﬁ@gﬁ)rag@dofoﬂi%ﬁa@!
di sc storage. Al offer advantages of good storage capacity and relatively
rapi d data acodssnpatand sath asacomputatafilesd digitalr eadyc, digitak vadeb raor i e of
data. Al require noving parts ip the formof electronechanjcal or 8ptical
readers. Phi sPargiRuler the mnveationtte ew A Stotpgeels Vaes o Neush dat ¢4y P8 uch
data storage ne n n| at [ the use of the device in
hi gh- vi brat i o™ {}lanr{ﬁae‘ﬁP%c Ztﬁg;nﬁ eéﬁf@]gieg. the surface nmediumis
the key to data storage, the mechanl sns involved require careful control
of properties also of any supporting substrate. Thus, such devices have to
be of car ef ul Aywidntamgel efldatanstbraget devicesMusebsamalavaitdble equiecentt hears eader
to have access to the surface of the device, which can place |imtations
on desi gn f r ecruiplaying atteagel@firaedia) for jasraange o] @gttabdatargorsees FaplicAtioRht | on

to provi % anDa{at ﬁgpa%[el e%lcdelsgellr% (ies1gne8 which are adapted to some of a variety of

operational characteristics, 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.

15 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
electromechanical or optical readers. This can limit the extent to which

20  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

25  require the reader to have access to the surface of the device, which can place

limitations on design freedom for the device.

It is an object of the present invention to provide an alternative digital data

storage device which offers versatility in alternative situations, in particular

CONFIRMATION COPY



storage device which offers versatility in alternative situations, in
particul ar CONFI RVATI ON COPY WD 03/ 083874 PCT/ (B03/01266 2 for exanple
whi ch carwbe3ms3srat uri sed, and/ or whi ch can be i ncorpor at @dTiIGR03/01286 her

devi ces 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 environnents, gnd/or which is of sinple/ |ow
cost 5 manufacture etc. It is a particular object of the invention to

provi de a data storage device i ch. conpact and effectively store

G ol tal dat a DRExBrB0s B0sch Gin HA raniasTee, qpovbe el oo B iaeRtt e r ead
back an unlim : i ) T : r i | Qventik a
dat a storagena)d%g{ljge o?gg%P% I’Slg gﬁ%%?%llﬁeﬁtﬁggér%%%%%?g&caﬁageg dgoﬁnlgul'ltllgeér?
files, digitaindrysihicldéai beincoipiestedidito flexible bendialdse afdorwdaciptas®s one
or nore, and in particular a plurality of, nenory elenents, each nenory

el enent conprusidnin digh-artaatiomgmiiooments Lind/ e pdbele 19 ofosimplet dowi eeftand
propagating a magpetic domain wall fornmed into a continuous propagation
track, wherei MABRENMWERIS-nuous track is provided with at |east one and
optionally a plurality and in particular a | arge nunber of inversion nodes
whereat the nmagnetisation direction of a domain wall propagating along the

condui t undert3ghigapti@flaPoett abthe iﬁmiti(ﬁldtozﬁ@bmei $datd Qtsrhgo devicahich

particul ar substantially reversed. Each conduit is fornmed rnto a continuous
propagat i on tcanpactfoandneifettively starendligitali dataoand prowtdes afor| deadiol bop t o
P enet onc neg o tanaeytiah ahd fead Back an sniimited number oF times” ! 454 W (1
10
Thus, according to the invention a data storage device for storing digital
information (such as computer files, digital music, digital video etc) in a
readable form comprises one or more, and in particular a plurality of, memory
elements, each memory element comprising a planar magnetic conduit capable
15 of sustaining and propagating a magnetic domain wall formed into a
continuous propagation track, wherein each continuous track is provided with
at least one and optionally a plurality and in particular a large number of
inversion nodes whereat the magnetisation direction of a domain wall

propagating along the conduit under action of a suitable applied field is

20 changed and in particular substantially reversed.

Each conduit is formed into a continuous propagation track. Conveniently a
conduit is formed into a closed loop to comprise such a continuous
propagation track. Such a loop is provided with at least one and optionally a
25  plurality and in particular a large number of inversion nodes. Data is able to
pass around the closed loop in accordance with the mechanism outlined below.
In a variant, the magnetic conduit does not form an entire closed loop of
inversion nodes, but rather a linear chain of inversion nodes with means to

transfer data between the two ends thereof so that data is still able to circulate



25 plurality and in particular a |arge nunber of inversion nodes. Data is
able to pass around the closed |oop in accordance with the nechani sm

out| i ned weloems3s7d n a variant, the magnetic conduit does mCU/GRIBMBA entire
cl osed | oop of inversion nodes, but rather a linear chain of inversion
nodes wth neans to transfer data between the two ends thereof so that
data is still able to circulate WO 03/083874 PCT/ GB03/01266 3 around an
apparently cl osed | oop, for exanple conprsing a data witing facility at
one end of the chain and data read,i qg facility at the ather end of .the
chain, and addernéndl appreaflyr gloses fleeRy {rconn CHERIRPEFIBE! ? SHAlE VNG om

the output of the i 0 i t 10 e chakn.i. i Ly

i nver si on nodé$ 11{:}&%%:5?&n?eogitﬁ?ggﬁﬁ‘antdhc{eatés ??alﬁigl{l] r%llétg&ggﬁ%g’@e?%%’dtqgﬂg
condui t whi Cheihe 51 adaRic] dfrchitnyc @ AR IRNANADACR (IBArSTHEAR! iifth B8
direction, and preferably a substantial reversal in the nagnet’l sation
direction, ofutputioftherchaimpeathatingmg dffike ekainoss under action of a suitable
applied field, 10 such as a directionally varying and in particular a
rotating ragnetic field. It is neverthel ess necessary that the conduit

di rection and-hence the domain. wall propagatjiop diregction varie i t hout
Sharp. i scont CHATSTER AR efioth fodes ¥RESGE 3ottt e siohe, B b8 and
conprising t hg ﬂh@V&{nﬁhﬁﬂvﬂf&ﬁ%rQ%tad&@eb%éﬁo“c%%é g¢hah ﬂf"%hfefrﬁé%xfb’tﬁﬁtiéi#h as
to cause a change I n the magnetisation irection, and preferably a
substantial rgyedstial, ahd préferatignesitsanitiahreliered tih ahe maphetisativmditection,
propagati ng thereacross but wi thout any specific sharp variation in
propagat i on dof @clonmn mopagatimgpthefeacrass vadboditernof aasnitableappliad fiokle

conprises,a substanti.al reversal . of anetisation direction at the
i nver si ont%hodBiChsF ;%}%,aﬁyﬁ/@rylﬁg@pg%gﬁamcu ar a rotating magnetic field.

It is nevertheless 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 node must
15 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

in propagation direction.

20 In a preferred embodiment, an inversion node comprises a substantial reversal
of maganetisation 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

25  deviating portion. In particular, deviations 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.



node conprises a portion in which a direction change away fromthe initial
path and a subsequent direction change back to the initial path are

provi ded wo 03oBas7€onduit such that no direct propagation partcGBos/opwssi bl e
across the 25 deviating portion. In particular, deviations conprise 90
deviations fromthe initial path. For the reasons indicated, deviations
fromthe initial path preferably occur gradually over a distance along the
conduit track. WD 03/083874 PCT/ GB03/ 01268 4 For exanpl e, the inversion
node conprises a cycloidal portion within the conduit |oop, struct urﬁ, in
particul ar di Feicesamph dhpalmvgrsion ngde gswnpriiesad cystpidalapertionopvidye the

structure. 5 Preferably, a plurality.aof, sugh | .ol dal,portions are.
ot ovi ded i n_ e o siugtind Ja, paeisR e BLRR bh e RpdleRion
preferably copnliisiest 6 SUtREstru@liremagnetic conduits fornmed into closed
| oops each co‘f’%{i sing a plurality of cycloids serving to effect abrupt
directional reversals in a magnetisation direction of a domain wall

passi ng thereacross and hence serving as inversion 10 points for domain
wal | s as theyPrferaphopaghiralityaposech pecleslal portiorts ageprovidashin ezchhloap.

Ts I the r anditt hgkceh pgroT sy TEe SHRAOPE P RERLY EPEIREebs putihet
cycloid is SU@tgmglgn&@c ep&&g&ef&meaﬁnwa%géﬂdﬁs &Qﬁ%ﬁg)ris% g@g@h@,ﬂ@f

substantial 1 ver sa magnet i sation Irrectiron ds a do

passes ther et Hfdsids - sdrilingC @' cftart eabiipth dideeti oS fivierdalyy it 4 QflaghidiBatiegnet i
conduit needs to have architecture capable of sustaining and propagating a
domai n wal |  udidenticacef @don@in wfallapasemgrtbetcaokpss antl dendy pervang g5 invieesion
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invention by a suitable driving field.

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
15 substantial change, for example a substantial 180° reversal, of magnetisation

direction as a domain wall passes therethrough.

In accordance with the present invention, the magnetic conduit needs to have
architecture capable of sustaining and propagating a domain wall under action
20 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 the invention preferably comprise magnetic wires, in

particular generally planar magnetic wires on a suitable substrate.

25  The data storage device thus uses a number of planar magnetic conduits and in
particular magnetic wires which are preferably shaped into closed loops of
cycloids. In particular, the invention employs magnetic nanoscale technology,
the device comprising a number of planar magnetic nanowires preferably

formed into a plurality of closed loops of cycloids.



accordance with the invention preferably conprise magnetic wires, in
particul ar generally planar nagnetic wires on a suitable substrate. 25 The
dat a st orwg@esnsssice t hus uses a nunber of planar nagneti c PEOrGROBOK26aNd i N
particul ar magnetic wires which are preferably shaped into cl osed | oops of
cycloids. In particular, the invention enpl oys nagnetic nanoscal e

technol ogy, the device conprising a nunbgr of planar nagnetic nanow res
preferably formed into a plurality of closed | oops of cycloids. WO
03/083874 PCT/ GB03/01266 5 The planar nmagnetic nanowires are preferably
less than 1 min width and are forned onto any suitable substrate. Wdth
is a trade off, Db t | t i of _devj yi ng
nar r ower nano@%%%%ﬁﬁf?g§ggﬁ %§B$§§%8a§ ﬁ&ﬁ@%b@ﬁ@ﬁfﬂ%XéO&g1ﬁlkﬁﬁﬁz%ﬁﬁkaever

! ] ) S rnca pn costs an ( exitles. \
devi ces i ncor RRRRNI dio Why SRitaBIBQUBSIENE. WIRHIPT RfrGdé BH ticdhiteh thdinsioheat i ve,

and 50 nmis a likely practical lower Iimt of cost-effective practicality
for current wtoeageorcapagtyt echndeyues. enhplogingulmirivevermmaasscadel ties iahdi s
not a technical effect limt, and that inproved fabrication techniques

coul d render fabricaen ostsaend | eraplgifics es HompeverndeKiearg IMIREPOLGHBEL WaigS
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particul ar wi I;Ogs ét}ﬁllngﬁndefg%s;[ seﬂg%gtrll{é§gﬁ(§é% bya?’éuérﬂllﬁ} %iﬁff%l}i\hl\%kh gd\l?\nrﬁg?%s Wre
thi ckness is peggnad! be n@iphaiedt than i2 Mot ankcharhelefifdcy lhait, lapds thdpan 3
nm Wres are in practice unlikely to be more than 25 nmthick. The wires
can be fabri compwvbg fapticatadn Itechroguesp hgyuldxranggr |furthey mammaturised devicze

t act inti - | i hy, iti h h h k
gsn ac pll‘ol n érggbd}%ngetﬁénm‘}etnaggrp%)ct%al.depos| tion through a shadow mask or

The wires are deposited on a substrate in the form of a thin layer of magnetic
material. Wire thickness is optimised for optimum performance of the device,
and is broadly a function of width. In particular wire thickness is generally
15 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 can be fabricated by optical lithography, X-ray lithography, micro-
20  contact printing, e-beam lithography, deposition through a shadow mask or by
some other suitable method. The wires are made from a magnetic material

such as Permalloy (NigoFe;q) or CoFe or some other soft magnetic material.

The data storage device incorporating inversion nodes as above described is
25  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 the invention to store data serially in a ring.



sonme other suitable nethod. The wires are nmade froma nmagnetic materi al
such as Pernmall oy (N 80Fe20) or CoFe or sone other soft nagnetic material.
The dat a woosags7devi ce i ncorporating i nversion nodes as 20MGBdOS®HI bed is
25 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 in\éersi on node a nenory function.
The provision of a plural array of | oops-each incorporating one or nore

i nversion nodes allows a device in accordance with the invention to store
data serially in a ring. WD 03/083874 PCT/ GB03/01266 6 Data can be witten

number of 11 rRet O Fareltth A dovoe BEELIARCE Wi By ARIon A gl gtk o

storage, the jNugRkitel fu@BEr ¢Times. "OMiiRE niddhktic t%@ﬂl@@ﬂk'rﬁ@[%iétic%@dbe )
easily mniaturised and used in high-vibration environnents. e principle
of the invendiskistarage,ehy isvension, regnutesraoumiaang piarty. dostssquentlyhat kapbel ow.
Mor eover, no power | s requi re& to relt_lai n ,gata in the mem)r% of the

i nventi on 5 wheasilymminiatygsed and ysed mphighavibrajion: snypropsesnty, Ahgpeincgle of
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substrate pl ayfB%drohs g}):wetr he lrf/‘dlﬁféﬂrt%%ﬁaiﬁe) Hata"BRORL hEmeRE bRtHOMvehtibh e

devi ce, serving essenti y on to provid mechani cal support.

Conventi onal wihkn¢tas nptistiseat es may still be used, but 15 since no
functionality is necessary fromthe substrate, nmaterials other than
silicon may al so be used, such as glasses or plastics. Exanples include

poly1 e Uk, 8% KaRken,. ool vethlene L ergent i abe, o, MR hCocre .
have the wires. The planar wires are 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
15 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 have the
advantage of low cost and simplicity of fabrication and also offering the

20 potential for mechanical flexibility which makes the invention suitable for

integration into plastic cards such as Smart Cards, or into clothing.

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

dimensional memory cube.

The invention’s areal storage density is moderate, being higher than magnetic

tape but lower than magnetic hard disks. Reading and writing data rates can



advant age of |low cost and sinplicity of fabrication and also offering the
20 potential for nmechanical flexibility which nakes the invention suitable
for i ntegoaBiosss74 nto plastic cards such as Smart Cards, ®CTIGR03/0td66t hi ng.
Because no nechani cal access is required to the surface of the invention,
as is required in conpact disc, magnetic tape and magnetic hard disc
storage, a 25 large nunber of substrates,.can be stacked on top of each
other to forma 3- dinensional nmenory cube. The invention's areal storage

d ity i d te,. bej hi gh t han, | ti t | th

oY 5 ok iR B e SRS B e
PCT/ GB03/ 01266, iKv&%iéﬁ%t réd it k%rizﬂﬁﬂfb'té%ﬂ ,%Ekfs@%@&s?‘t%éafoé e Biod) di sk
drive rates. wever , e It nvention s oreg aaserlallly N ring, and so

access tine tgf qlagh MeNillpcle bef ra@ively Sslbivkahiking BR fhgleHtioneby Ismered
making the invention of ITmted applicability as a direct replacenent for

the primary happlicdbaktydas \ae dinect Seplaoguemtr $or Ite grrmasiyohatd phslerdrive in
application PCT/ GB01/ 05072 applies and devel ops sone of the principles of
t he Cowburn afRMM&erand paper referenced above to describe how digital

l ogic circuits could be constructed fromchains of 10 nanonetre scal e dots
of magnetic material, or nanonetre scale planar mnmagnetic wires. In

particul ar, i&t&%ﬁbhﬁ%@wﬁii@n INOTE/gAs (R /040 BhapSliesSaRiIevdlopd 86the 1 of

the present application. In figure 1 the arrows represent nagneti sation
direction witéf thd lpeincgpleowt the Sowbpm ahdniphland cpapet ecfatnedd ahovortm t he
gate. The central structure of the _gate reverses the direction of

magnet i sat i ondessabagheyy Higtel tleglq ircuits cqud baecogsiructed Fenpldeas of a

magnet i c lfd el rclién(;[nrfeetré/ SR (ﬂ)fts mgtl thagrnoettlact err?at'er?al, or nanometre scale planar

magnetic wires. In particular, is described a magnetic NOT-gate which is

shown in figure 1 of the present application.

In figure 1 the arrows represent magnetisation direction within the narrow
15  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 device of the invention is not
20 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 are two possible
magnetisation directions and so there exists a natural binary representation. A
change in magnetisation direction is mediated by a magnetic domain wall
25  being swept along the wire by the applied field. The fact that the applied field

rotates means that domain walls can be carried around corners.

In accordance with the invention a NOT-gate similar to the one described

above is fabricated by a suitable method. Ideally for present purposes the



the plane of the device with tinme. Wiilst the device of the invention is
not 20 limted by any theory of operation, it can be noted that because of
magnet i ¢ Wbhapesam sot ropy, the magnetisation in the wre PETgEB0GkEY
confined to lie along the long axis of the wire. This neans that there are
two possible magnetisation directions and so there exists a natural binary
representation. A change in magnetisatiog direction is nediated by a
magneti c domain wall 25 being swept along®the wire by the applied field.

The fact that _the lied field . raqtates ans that domain.walls can be
carried ar ounthagr e&’:‘,’. gath lééﬁ‘éﬁh@&ac@‘%ﬂtyhngpﬁ’eﬂb%ﬁilﬁwnow g‘ ’&CJ{T tgdhaVestni | ar
to the one descri. o] i brd . | . 3 I y for
e o e AR Pelub 52 W P Bud SRS S ALY
modi fied slighfilapid MIPnbRAtcoRRWSUCA 45 §-pldndromAgN&icAwify € Fbddla ehRee. The
output of the gate is connected back into its input using a suitable
magnet i ¢ condiwop. sAthray ¢f plchnieopsdomed the déviee b thoimmeatiohasedrdihgdp. An

array of such | oops fornms the device of the invention according to 5 this
pref er r ed Senbidbi raspferregheatbodimpnt, swhbigh seEIPTIsay rRlENe TBMIGlICe RaNPVWiEEd

into | arge cl psed.l.oops_of .serjall onnected cycloids .t.o .farm chains .of
magnetic NOT %Mg.mtlaﬁ%rwl%ﬁd @Pp%/ﬁi S?%églfy \Neji gﬁdecyicimg%%?mf: ANy of o g
back into the. ir g i e as
to forma clerglsagﬁétfcogio’g gr% te{she?%g%%%@%ggaﬁoﬂgﬁpgéﬁegﬁi egghoﬁl}légﬁ 1%(? Qllhe
cycl oi ds ser vigacksinitd Vieg &ipun ofaeSirstoNQT @ptegley ianglanonmiapnewid Wdreaso tbey
propagat e through the nanowi res under action of a suitable rotational
operating fifsimh 4 elosedlasprioe thedata dequrnge taaticletcariobsd i n greater detai |
bel ow. The inverted output only appears after a tine delay equal to one
hal f of tife peri od

The cycloids serve as inversion nodes for propagating domain walls as they
propagate through the nanowires under action of a suitable rotational operating
field in the manner noted above and described in greater detail below. The
inverted output only appears after a time delay equal to one half of the period
15  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 have the same
memory function as a serial circular shift register, and can serve as a data

storage device in accordance with the invention.

20  According to a further aspect of the invention, a data storage system is
provided 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 is preferably set up
such that the driving field is applied simultaneously to all of the cycloids in a

25 given loop and may be applied simultaneously to all of the loops in the
system. This gives a distinctive feature of the present system in operation.
The magnetic field is 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.



15 of the rotational applied field, which nakes each inversion node appear
as a single bit nenory cell or flip-flop. Thus, the |oops of cycloids have
t he sane womans3s74 unction as a serial circular shift regi PCaFrGBoa0t66an
serve as a data storage device in accordance with the invention. 20
According to a further aspect of the invention, a data storage systemis
provi ded conprising one or nore device el enents as above descri bed and
further conprising a nagnetic field driver for providing a controlled tine-
varying driving magnetic field. The magnetic field driver is preferably set
up such that the driving field is applied sinmultaneously to all of the

cycloids | n a\g0 AT KRPRAYI I BH RS APPIB SHL-SUL I AREBHSKY ey Flvcd’ TN

| oops in the I's gi'ves d inctive e present

system in opesRliRi- a doirdTRAN hdghetit efifldi SoRABEAL DI Bwb h@msgdﬂa@ ﬁ@l@@ at
once so that all of the data bits advance together, instead of only

| ocal | y underopdrating i ihe ahpeedletesmined d;etmendehqneﬁemblw ahemanng,ntandnniore
magneti c data storage. WO 03/083874 PCT/ GB03/ 01266 %/ suiitable field
may be envi sagpsteraplyciosming ¢ cledkengrfighietn & clockwaseder %tr- qskwedd;@ec‘éwn
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formng a cl o&,ﬁhqge 1'r§c|a‘§ L o e gﬁ,lémlgﬁ or anti-cl ockw se direction. Using
the

such a system data may e store storage device(s) in accordance
with the first aspect of the invention. The system may further conprise
suitable electrical and/or_ data input and/or 10 outputs to enable the data
storage devi cBhe sysiemumey fusthar semprige suabklgeclegtticalr end/pedata mpyt and/onn

exanpl e of the operati on, of, a,magneti c data, storage.device in accordance
P Bts to ena?)le the data gtorage device to tbe weed in a memory sfo orage and

retrieval system.

An example of the operation of a magnetic data storage device in accordance
with the principles of the invention will now be described by way of example

15  with reference to figures 2 to 8.

Reference is made to figures 1 to 8 of the accompanying drawings by way of

such illustration, in which:

20  Figure 1 is a schematic representation of a prior art magnetic NOT-gate (see

above);

Fig. 2 is a magnetic NOT gate modified for use as a data storage device in
accordance with the invention;

25
Figure 3 is a schematic representation of the structure of the NOT gate of
figure 2 (Part A) and of its effect on a domain wall entering at point P under

the action of a rotating magnetic field H;



with the principles of the invention wll now be described by way of
exanple 15 with reference to figures 2 to 8. Reference is made to figures
1 to 8 ofwbDhg/osaseconpanyi ng drawi ngs by way of such il ustecatGrm/oiien whi ch:
20 Figure 1 is a schematic representation of a prior art magnetic NOT-gate
(see above); Fig. 2 is a magnetic NOT gate nodified for use as a data
storage device in accordance with the invention; 25 Figure 3 is a
schematic representation of the structurethf the NOT gate of figure 2

Part A dof it ff d ' [ [ ) ' P . h
bott on of . roeHrs fehRugbremAgRATty NOWEnss copsesat bot/ o8 BTose o s
ceriar shife pulsh Sl TREREh i DR ARRGT INARTEShORs P St (Gac S ITRAI°,

conpl ex (tracgmplexiidace EPURNSRfuchdEs & hOTERE] O chriciltd afchindr rﬁth,t Bg ring
by the application of a rotating magnetic field (the asterisk in Part A

showi ng the thempiphitation bfie rbtatipgwhagreticHeelddthewastersktia RarvwnshiawiRgrthe B

were made); Figure 5 shows el even magnetic NOT gates connected (n a ring to
forma 135 biROBEH the lnephprs tepagasurementy shawp 1@%&&&6&6@4@5% 13-bit
data sequence cycling around the |oop under the action of a rotating
magnetic field (the 10 asterisk in Part A showing the point in the |oop

where the neapigﬁtﬁfg%%wssé}% AghAd NBTBARS %Hﬁéctedfiirgﬂrrﬁlg%dh_ﬁ)rﬁa_ gqhenatic

illustration o data witing and read-out nechani sm of IS I nvention.

bit serial memory in Part A, and Part B shows a simple 13-bit data sequence
cycling around the loop under the action of a rotating magnetic field (the
10 asterisk in Part A showing the point in the loop where the measurements

shown in Part B were made).

Figure 6 is a schematic illustration of the data writing and read-out mechanism
of this invention.

15
Figure 7 is a schematic illustration of a number of magnetic loops on the same
substrate, addressed individually by electronic multiplexers and

demulitplexers;

20  Figure 8 is a schematic illustration of the stacking of a number of substrates

each containing a number of data loops to form a 3-dimensional memory cube.

Figure 2 shows a NOT gate similar to figure 1, but particularly adapted to be
optimised for the present invention to have a cycloidal shape. The gate is
25 made by focused ion beam milling of a Snm thick Permalloy (NigoFeyp) film
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



15 Figure 7 is a schematic illustration of a nunber of nagnetic |oops on
the sanme substrate, addressed individually by electronic multiplexers and
derul i t pl woaB®83820 Figure 8 is a schematic illustration ofeCrhaBoswaki ng of
a nunber of substrates each containing a nunber of data |loops to forma
3-di nensi onal nenory cube. Figure 2 shows a NOT gate simlar to figure 1,
but particularly adapted to be optimsed for the present invention to have
a cycl oidal shape. The gate is 25 nade byrkocused ion beammlling of a 5nm

thick Permall o Ni 80Fe20) film on i1icon substrage. Ly the bright
white shade i%fynélﬁn&ait% ghre ;W]@Fﬁeilasc@ntqyé’i?laﬁg &I@"tgévgﬁéetﬂ?ﬂtﬂqa?step
mlling proce rj 1 he nt cat i the I t he
gate wth 1t ot nenel acRbleL ARl SR BAEE to Ml roih napBne o
wire to for mﬁel@'&é@ﬂomqaﬁig%. 2PhérB 9B halfrdyR s dly BonPeOfha Griput (trace
PCT/ GB03/ 01266 11 of the gate structure, whi'ch has  a cycloidal form
Magnet oopt i cal) chaagmg statends] thte @aput @racedbdchangimg staspoqeal toomenhalppffi ed
rotating magnetic _field are showm in Fig. 2c. There js.a hal f-cycle del ay
bet ween t Re i hsupctied sfethe 9prarﬁéin59tﬁ@n&tra%@%d}lﬁes{e wbt%uﬁolzr?%p&eés 1tey 2

changi ng state equ one half of 5 the period of the applied rotating

al- tQ.
magneti c field® n(%borq’esponds to a nenory function. Figure 3 gives an

expl anation of the inverting action of the cycloid and in particular of
the origin of this delay. 10 Under |ow magnetic field conditions, the
magnet i zat i onFiglure Gt gives wint bxplasation of chomverting megoatofcthel eyrdoidnamésnt ends
to lie along the wire |ong-axis due to
particular of the origin of this delay.
10
Under low magnetic field conditions, the magnetization direction within sub-
micron ferromagnetic planar wires tends to lie along the wire long-axis due to
strong magnetic shape anisotropy. When two oppositely directed
magnetizations meet within a wire, the re-alignment of successive atomic
15 magnetic moments is not abrupt but occurs gradually over a certain distance to

form a domain wall.

It is now known that domain walls can propagate along straight sub-micron
magnetic wires by application of a magnetic field parallel to the wire. In use
20  of the present invention a magnetic field is applied with a vector that rotates
with time in the sample plane can be used to propagate domain walls along
magnetic wires that also change direction and turn corners. The clockwise or
counter-clockwise rotation defines the magnetic field chirality. A domain wall
should propagate around a magnetic wire corner providing that the field and
25 comner are of the same chirality. However, the chirality of a corner depends
upon the direction of domain wall propagation so that, within a rotating
magnetic field of given chirality, a domain wall will only be able to pass
through a given comer in one direction. This satisfies the important

requirement of any logic systems that a definite signal flow direction must



strong magneti c shape ani sotropy. Wen two oppositely directed

magneti zations neet wwthin a wre, the re-alignnent of successive atomc 15
magnet i c WOrma/83874 s not abrupt but occurs gradually over &CTazRodionedi st ance
to forma domain wall. It is now known that domain walls can propagate

al ong straight sub-mcron magnetic wires by application of a magnetic
field parallel to the wire. In use 20 of.jhe present invention a nagnetic
field is applied with a vector that rotat with time in the sanpl e plane

b dto. t e donmi |l s al ti i t hat al
change di rect VUM aHiF DY IREBAERCtRREOR) SRSGHIo0s Brhin, Sibiarred Bigels
ange dir eo EUPrPIERI nBREICIFRECE| R cothifeta
or opagat e ar Uiy B odanerrRi ool ot Eenlife i APRRORIR Ibeici i fnd

corner are Ofth‘isi]etog_@ﬂﬁr Ghith alppli¥atiéio\WEVL retatilg MmBbfcdd lDfisatheobased of
depends wupon the direction of domain wall propagation so that, within a

rotating magogdragon o€ kachofogiial enitetithatriemoryalesmeai n wal |l will only be
able to pass through a given corner in one direction. This satisfies the
i nport ant 5 requi renent of any logic systens that a definite signal flow

direct  on musty, 0 03/ 083574, PCT/ FB0300 286, 12X 8L in el MSHAR! Gnd

magneti zati on I ons ' sub cronfmagnetic W Tres®provi

nat ural nmeansqghohKRIES RUT-Batel Bl HIRAWIRE £ st fotatifl nidinStic
together with application of" a rotating magnetic field, is the basis of

operation of feldh Supgbsatheumagnetic fiekl mermatynglav acmunferidiecloyist siedse. A
illustrated in figure 3 provides an inverting function and denonstrates
NOT- gat e f unc€emall Mall swinget Hrmiralsiyy ((Eigr 6 B) atathe gynetemanil propagaty.

Suppose tﬂ)e rre%%ﬂ%ﬁitﬁe fﬁirsetl c%r}lgr o tthgﬁlilr?&cjnn(f%. %(ajne;[n%r‘[Tl%(l)uog(i‘xktv(\)'i Rfminal S@” a'sA‘
the applied field rotates from the horizontal to the vertical direction. The
magnetization between ‘P’ and ‘Q’ will now be continuous (fig. 3D). Then, as
the magnetic field vector continues to rotate towards the opposite horizontal
direction, the domain wall should propagate around the second corner of the

15 junction (fig. 3E), exiting at terminal ‘R’ and restoring continuous
magnetization between ‘Q’ and ‘R’. The magnetization of the wire
immediately after the junction should now be reversed compared with that
immediately before the junction. The junction should therefore perform the
desired NOT-function with a half field-cycle propagation delay. This

20  operation is analogous to a car reversing its direction by performing a three-

point turn.

There is thus a half-cycle total delay between the wall arriving at the input and
leaving from the output. In this invention, we identify that this synchronous
25 delay has an associated memory function which can be exploited by
connecting a large number of magnetic NOT gates together in series and then

piping the output of the chain back to the input.



domain wall arriving at termnal P (fig. 3B) of the junction will
propagate 10 around the first corner of the junction (fig. 3C) and through
to term malb o3@B3sas the applied field rotates fromthe horcamrlo1166 t he
vertical direction. The magnetization between P and "Q wll now be
continuous (fig. 3D). Then, as the magnetic field vector continues to
rotate towards the opposite horizontal direction, the domain wall should
propagat e around the second corner of theji5 junction (fig. 3E), exiting at
termnal "R and restoring continuous nagnetization between Q@ and R.

The magneti Zar«'i@ge \%\;sf thégf(r&ﬁ}ceh 2AbAS the Hbiftioh® WHIKH! theke Riewredtedow be

reversed conpar nredi ately before the junction. The junction

shoul d t her ef hive bedr osrnected] indeshaiagdaNDihe ounput ofitivd thmia fbdlbhck iistodtheycl e
propagation delay. This 20 operation is analogous to a car reversing its

di rection by pegihoing ofgthg chiatreby apdamar magneticTwaee We havgpragrammed jwpe
total delay between the wall arrivi t the input and |eaving. fr.om the
out put - 1t hAS TS AtR L SSREHEEn HIPy it st e HEOUSI A FPBHUGAPEIEHER &) has
an associ at ed -y funct i i |11t ] i ar ge
nunber ofa%agHg%?g&%ﬁﬁmgh%ggﬂF%g%%ﬂgfa?ﬁgggﬁﬁgéﬁgh ¢ égﬁggﬁgfng%ﬁgngutput
of the chai n Rarcietdtihg MaghdififieldNO 03/ 083874 PCT/ GB03/ 01266 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

begi nni ng of the chajin. by a planar, netic wre. have pyogr gned. t wo
different dat&rdsetl Qkhigerfbeshaws & sHBICHIGFERISNRE 5YE n&agwd PR theat i on

of 0, Mmanet o LishdspandoLlens SIaK! SeukGofitihSidie 19RL A Ml Wok2aP by
10  more complex sequence cycling around the loop, with a period of 5 cycles of
the rotating field. The device is effectively behaving as a 5-bit serial shift
register. The data bit sequence takes one step to the right on each complete
cycle of the rotating field. These data were obtained using a counter-
clockwise rotating field and so the data were cycling around the magnetic ring
15  in a counter-clockwise sense. We find that reversing the rotating sense of the

field to clockwise causes the data to reverse direction and to begin to cycle

around the magnetic ring in a clockwise sense.

Figure 5 shows a test of the invention using 11 NOT gates. Figure 5b shows a
20 simple bit sequence cycling around the loop with a repeat period of 13 cycles

of the rotating field. .

Data are written into each loop by a current-carrying lithographic wire passing
over the top or underneath the planar magnetic wire. Data are read out of each
25  loop by using a magnetic tunnel junction attached to one part of the loop or by
measuring the electrical resistance of a domain wall present at one of the
corners of the wire or by measuring the electrical resistance of a domain wall

present in one of the NOT gates.



Trace | of Fig. 4b shows a sinple bit-sequence cycling around the chain:
the pattern repeats every 5 cycles of the rotating field. Trace Il of Fig.
4b shows WO 03083804 e conpl ex sequence cycling around the | eep/GBUWBOIRGa peri od
of 5 cycles of the rotating field. The device is effectively behaving as a
5-bit serial shift register. The data bit sequence takes one step to the
right on each conplete <cycle of the rotatjng field. These data were

obt ai ned using a counter- clockw se rot at]i4hg field and so the data were
cycling around the magnetic ring 15 in counter-clockw se sense. W\ find
that reversi nfiguFe Orshoxs eipnaplas @ (Slﬂesﬁfﬁ}ta f‘i@t/g’“ﬂﬂltépﬁ sEaRal§sHatiEne

L . . d . . s S
' & o ookt st dhE A0, Aoty G Ing B100MGHA, RIS EHE TR b ot
gates. Fi gurepefséessfag%e r_BéheatHhe rivigt mw%&ﬁmwlamﬁldawm@g e theop

with a repeat period of 13 cycles of the rotating field. are

witten into éa&dtidnoop divova Aur iDand -isaeadiong of thwdogpithenibye faasiagng
over the top or underneath the planar magnetic wire. Data are read out of

each 25 |Soopmbgnetid hpngl jrnption; ketwaem &vojeleriricdlrcantacie (@) atoonsneoiphof of
the loop or b asuri th | ectrical i f i [ 1 t
A A R A M kT R
resi stance of j j . . 083874
be) sl o1 96e HSERirGe 6 gny BORRGT Wwall  AEirRl WRfi Chnif Bar MR

nmet hods. Dat a(mwey\p,{iﬁd])a_n into the loop by a current carrying el ectrical
lithographic wire (61) which passes above or beneath the ring. Data
circulates around the loop in the direction of arrow A. Data is read out
of the loop ejther by form a nefic tunpel_.junctjon between two
el ectricall colt %_é’@gla%l/%@} this r}gﬁ@lt]g}ﬁ gté#lown n tﬂe ﬁéure , the magnetic conéult

itself does not form a closed loop of inversion nodes, but rather a linear chain
of inversion nodes with data writing facility at one end of the chain and data
reading facility at the other end of the chain. In this case, it is necessary for
external control circuitry to feed the data back electronically from the output
15  of the chain to the input of the chain so that data is still able to circulate

around an apparently closed loop.

The data loops sit in a magnetic field, the vector of which rotates in the plane
of the loops with time at a frequency in the range 1Hz-200 MHz. The field
20 magnitude may be constant as the field rotates, thus forming a circular locus
for the magnetic field vector, or it may vary, thus forming an elliptical locus
for the magnetic field vector. This can be achieved in small area devices by
placing an electromagnetic strip line underneath the loops and then passing an
alternating current through the strip line. In larger area device, the substrate

25  carrying the loops is placed within a quadrapole electromagnet.

The field magnitude 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

domain walls can be nucleated independently of the data input mechanism.



the | oop (upper panel) or by applying two electrical contacts (63) to
nmeasure the resistance of any donmain wall contained wthin a snmall part of
t he ring wploamess7panel ). 10 In a variant on this inventi oRCIMGRO3®MBGN | N
the figure), the magnetic conduit itself does not forma closed | oop of

I nver si on nodes, but rather a linear chain of inversion nodes with data
witing facility at one end of the chain d data reading facility at the
other end of the chain. In this case S necessary for external cont rol

circuitry to fee edat bac ctron fromt

chain to the T%g@ Lreaiiedanaimn sciomin vl dordustt G0 NDGF gaR Sm e amatlo
around an ap 0. T ta .l fl.eld,
the vector - of Sunrae SEREHleRs By i ooRE e PRHEof s fodpf aBIRE WGk
frequency in fer{adR@ed ko lrlaak%O@leMHéps Thehid &‘elcﬁsh&ﬂdr&gmrg@@ﬁom ttR the
constant as the field rotates, thus formng a circular |ocus for the
magnetic fi el deviectdoes mot suffemyrasarey frarhugtrayo ambientamaghttiptficdds. | dbes

for the nmagnetic field vector. This can be achieved.in snmall  area deV|ces
by placify amvenéen msyabmehicldesk vsing MwMetal dé sHandield ReasuBp 2 #febleRen

passi ng an alternat.ing . current throu tr ln |

devi ce, the Sﬁgsotpitlggléecgggwggw ilﬁa apﬂgec} g‘S@s&f 53}835 © NES ﬁrﬁfaggéf apol e
el ectromagnet. The field nagnitude 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 nEke ilemEabn @l temprse béargeauadice df datdpopsiontal singlé shibstratat a
I nput nmechani sm WO 03/ 083874 PCT/ @B03/01266 15 The field required to push
a domai n wal | withr @lagmor@acmuwewear&aldemlmlnws andisﬁdn@) taﬁéfe@ﬁltbﬂness

of the | ogps the dth o s and t ne nat e ed to
ket e Itbopecret faon dsittuties & Bie S ek GHBUGR AL HGeps g shown betReen
data wntlng drivers and multiplexers (71) and data reading demultiplexers and

amplifiers (72).

An optimal balance between the number of loops and the number of NOT
15  gates in each loop will be found for a given application. A small number of
loops each comprising a large number of NOT gates will be very easy and
cheap to integrate into a package but will be prone to failure of the entire
device if a single NOT gate fails through manufacturing defects. Such a
combination will also have a long data access time, as one must wait a large
20 number of clock cycles on average for a given data block to cycle round to the
reading position. A large number of loops each comprising a small number of
NOT gates will be very resistant to failure of individual NOT gates (the loop
containing the failed gate can be taken out of circuit without significantly
reducing the overall storage capacity) and will have a rapid access time, but
25  will involve more reading and writing points (and therefore higher cost) and it
will be more complicated to integrate a large number of loops into a single
integrated circuit package. All of the figures in this document show loops of 8
gates. This is purely figurative — in practice each loop will contain many

thousands of gates.



devi ce does not suffer erasure fromstray anbient magnetic fields. The 5

i nvention may be shielded using MuMetal if stray field erasure is a

probl em war3opasi4i sed device will use applied field stremgriaBoiiche range
of 50-200 Ce. The invention may conprise a |large nunber of data | oops on a
single substrate wth electronic nultiplexers and denultipl exers being
used to address the 10 correct | oop, as igrustrat ed in Figure 7. A nunber
of | oops are shown between data witing ivers and multiplexers (71) and
data reading denultiplexers and anplifiers (72). An optimal bal ance

bet ween the nunber of | oops and the nunber of NOT 15 gates in each | oop

11 0% U] G B GBPRE Ben L  10T  5905, B25 2

ates W be“very easy an cheap fo

integrate i nt@in?eneaﬁllaﬁgﬁan@qh hﬂl’ééihﬁ%@[&i@@. tonliiad tathBa@f ditdangdtidticaapgevi ce
if a single NOT gate fails througR manufacturing defects. Such a

conbi nati on vard magsetihhare dis¢ stogagtad@maechansaltdcoess @sequecdnosthevsarface

| arge 20 nunber of clock cycles on average for a given data block to _cycle

round to the of hgdnrentyusi Bubsirates maydee Plaged endep | sigsh odber tookosmi ang a

|1 nb f  NOT i1l b . i stant fail f i.ndivi.dual
b et Pl S chbhuot RE PR ETEh A5 s L il B
W t hout = si gni ﬁllcﬁf?‘i%gl ﬁigclfi ﬁ%{e’r Qﬁé &%r%éedéi‘ilsitie%tte RIRHARACT if¥desftBd, M b have
a rapid access tiIn€, but Wi Invol ve nore reading and witing points

(and ther ef or@chiubb@ites G6ta) cabedmialy sharrd thdsamerapptiedpbiatiapetagactiofienl,ate a
| arge nunber of |oops into a single integrated circuit package. Al of the
figures in thihysksepmgntheslayers! inopmcbforgsatipat with edshsothsr pnd geguginghet i ve
- in practjice each IooQ wi |.l .contain many thousands of gates. WO 03/083874
PCT/ GB03/ 1 26%pmplgxity of the device.

The invention may be configured to input/output a single serial stream of data,
or if desired, streams of data words of multiple bit width may stored by using
several rings or layers in parallel.
15
Because of the low access time, the invention is not suitable as a replacement
for the primary hard disk in computers. It may, however, find application in
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-volatile,
re-writable storage of digital information which is usually replayed
serially. Using 200nm-wide planar wires, a NOT gate would occupy an

2. A lcm?® single layer covered with data chains would

area of 1um

therefore provide 12 Mbytes of serial data storage, which is sufficient

25 for 12 minutes hours of CD-quality music. Stacking of layers will
provide several hours of CD-quality audio at very low cost.

e Temporary storage of digital photographs in digital cameras. This

function is accomplished currently by FLASH electronic memory,

which is expensive and which has a limited number of re-write cycles.



A particular feature of the invention is that one is not limted to a 2-

di nensi onal plane in placing data | oops. Unlike conpact disc, magnetic tape
and magnewD®3l083sd4 di sc st orage no nechani cal access i s reqarraab3nnes he
surface 5 of the invention. Substrates may be placed on top of each other
to forma 3- dinensional data cube, as shown in Figure 8 This has the
advant age of allowi ng nuch hi gher data stﬁrage densities to be achieved.

If desired, all of the substrates in a cube nmay share the sane applied
rotating magnetic field, _thus keeping the layers_ in synchronisation with
each other and redlenmiplatie offbine stempskitoy mebilePheags.crersopdl PrEABICISN may
be configured to ingut/output a si ial,streamof data, or if
desired, streans ol?eﬁﬂja{og Qﬁgﬁ’%e@fmﬁm CBHS' wi dth may stored by using
several rings or layers in parallel. 15 Because of the |ow access tine, the
invention is not suitable as a replacenent for the primary hard disk in
conputers. It may, however, find application in sone of the follow ng
situations, as well as others. Tenporary storage of digital nusic for
pocket digital audio players 20 such as MP3 players. This application
requires | ow cost, 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 1 n2. A1 cnR single |ayer
covered with data chains would therefore provide 12 Miytes of serial data
storage, which is sufficient 25 for 12 m nutes hours of CD-quality nusic.
Stacking of layers will provide several hours of CD-quality audio at very
| ow cost. Tenporary storage of digital photographs in digital caneras.
This function is acconplished currently by FLASH el ectroni c nenory,



whi ch is expensive and which has a limted nunber of re-wite cycles. WO
03/ 083874 PCT/ GB03/01266 17 Non-volatile offline storage for nobile
phones, pwossnsis7er gani sers, palmtop conputers and SMARPCTaGEIS/01360
03/083874 PCT/ GB03/01266 18 CLAIMS 1. A data storage device for storing
digital information in a readable form conprises one or nore nmenory
el enents, each nenory elenent 5 conpri si nﬂga pl anar nmagneti c conduit
capabl e of sustaining and propagating a nmagnetic domain wall forned into a
conti nuous propagation track, wherein ontinuous track is provided
with at |east one inversion node wher magneti sation direction of a
domain wall propagating along the conduit under action of a suitable
applied 10 field is changed. 2. A data storage device in accordance with
claim 1l wherein eAcdntaesthpé devivet foastoring Gigitdl dedrmafitn &t al ieagibleTerm
i nversi on node whereat the nmagnetisation direction of a domain wall
propagat i ng al ongcarhprigasncmiet or 1saradarenzaryi elenadnts, sach atiemaapplelementi el d
is substantially reversed. 3. A data storage (glevi ce % %ordance Wi tH
claim1 or clai m2HREEEN 2 PRI SAENSHE L SORIYE kogna Ber | FVgtRIPE dfar ge
lurality of inversi . npdes : r Vi i ce
\FI)\,i th any precedi r%‘%??g?%{%gré? gﬁccgﬁg%h? ?Jsaﬂf gfr%‘?rrrlg,l 8i r%]?t(;% aycgc(?)ﬁs\tg{dglﬁgop to
conprise a contl ny@Wagation 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

10 field is changed.

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

15 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.

20

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.

25 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
nodes, and means are provided to transfer data between the two ends
thereof so that data is still able to circulate around an apparently closed

loop, the means comprising a data writing facility at one end of the chain



propagation track. 25 5. A data storage device in accordance wth any
preceding claimwherein a conduit does not forman entire closed | oop but
a chai n oWoimweIssdi on nodes, and nmeans are provided to tr@CIfGBO3HELA
between the two ends thereof so that data is still able to circul ate
around an apparently closed |oop, the neans conprising a data witing
facility at one end of the chain WO 03/083874 PCT/ GB03/01266 19 and data
reading facility at the other end of the chain, and additional <circuitry

feed the d | ectoniceal. Lniid it a1 "
| nput of the chai fiC Gef PR ARAlLY of IRTLHEE A BEIEni ARt "

preceding cl ai m whigafir) todBed thecdsth dack ek troRIFAIlY Tesin (tRabULRE off fhd BRain
structure and shape of "the conduit which are so adapted as to cause a

change in t he magtethesaputod theichaiot i on of a dommi n propagating thereacross

under action of a suitable applied field. 10 7. A data storage device in

accordance with claim6 wherein an inversion node conprises features in
conduj t e so _adapted,as tqQ cause a

t he structure,.and,s e, of th i.ch [
substanti @) rSveratith yidnet Myl mhseolins vk Bnd parelihEsid, bhetah
propagating theregp 'ir?s%?si%ﬂ%dea@élhgnﬂsé&f fednfred ¥ R str&ém&'@%atéh‘apélcﬁ* e 8- A
data storage device 1 n accordance th claim6 or claim7 wherefn an
i nver si on node cosmrdustewhichdsnel st aduptgbad i@ vawsead chgngdeoimtheotiagadtisation h
there is substantial reversal of maganetisation direction and further 20
conprises a porti@meqtionypl & fomain peepagsting rhergacrasmynderogationeof aisuitable

applied field.

10
7. A data storage device in accordance with claim 6 wherein an inversion

node comprises features in the structure and shape of the conduit which

are so adapted as to cause a substantial reversal in the magnetisation

direction of a domain propagating thereacross under action of a rotating

15 magnetic field.

8. A data storage device in accordance with claim 6 or claim 7 wherein an
inversion node comprises a deviating portion leading to a node at which
there is substantial reversal of maganetisation direction and further

20 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.

25 9. A data storage device in accordance with claim 8 wherein deviations

comprise 90° deviations from the initial path of the conduit.



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 thwodewsmri ng portion. 25 9. A data storage devi cePCa/GRIsoIance
with claim8 wherein deviations conprise 90 deviations fromthe initial
path of the conduit. WO 03/083874 PCT/ GB03/01266 20 10. A data storage
device in accordance with claim8 or claigy9 wherein the inversion node
conprises a cycloidal portion within a conduit |loop structure or a

t opol ogi cal egyi val . I Al - st opage _device in
accordance w ? ﬁ cﬁa‘?glr}ngi fgjr%%érlrgfg‘(lg? ?\% ag&%ﬂélr%éal ‘?{[%]d%?‘ gﬁotéﬁl%%%’?laeﬁmp%l?ti ons
provided in each |mReRsiod Ziodd doinpriztPa2a9cldrial Cﬁ)ﬂianaﬁ@mm%%n&?ﬁhlo%ba' m
11 conprising a nunber of magnetic conduits forned into closed | oops each
conprising a 10 gtruntate arya tefpobogitalieduivadentiofgutloasfriewtre.abr upt di rect i onal
reversals in a nmagnetisation direction of a domain wall passing

t hereacross. 13. A data storage device in accordance with one of clains 10

to 12 whergei n,;eagh ' . 1 [ r.adius, whi i s i.n.the range
three to tsgn Hrreé d%%ﬁ%&cgﬁﬁﬁﬁn &‘}‘%{@gﬂcw lﬂﬁc{fémaﬁ;‘f‘?)maﬂ%mg@v?lgéaqﬂx
accordance W th apysiRhe§RMia8l SdribM P}Qﬁ,q@édwin da0B 1§&sgnetic conduit conprises
a particular generally planar magnetic wre on a suitable substrate. 20

15. A data storage device in accordance with claim 14 wherein the nagnetic

Wi re conprises_a magnetic nanowire with _a thickness of between 2 nm and 25
nm and a wi dt }ﬂ.ofAt&t@\é@ﬁag@dﬁwgﬁm aqcardance with claim 11 comprising a number

of magnetic conduits formed into closed loops each comprising a

10 plurality of cycloids serving to effect abrupt directional reversals in a

magnetisation direction of a domain wall passing thereacross.

13. A data storage device in accordance with one of claims 10 to 12 wherein
each cycloid has a turning radius which is in the range three to ten times

15 the conduit width.

14. 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.

20
15. A data storage device in accordance with claim 14 wherein the magnetic

wire comprises a magnetic nanowire with a thickness of between 2 nm

and 25 nm and a width of between 50 nm and 1 um.



