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SYSTEM The invention relates to the provision of a
waleinionyssyst em and nmet hod to effect propagat PORGBR00a/000840

magneti ¢ domain wall through a conduit in a nmagnetic

logic 5 system and to a nmagnetic | ogic system and

nmet hod of operation of such a §ysten1incorporating

the sane. International Patent Application WO 02/41492

described a novel sYMAGNEJAC BOGIGISYSHEEMt hat used

magnetic domain walls or solitons passing along 10

l'ithographically defined magnetic conduits. Conduits

wer "?h? ﬁ?\%hitti%ﬁq'eﬁitémrtg@gﬁifs{oﬂ%ﬁe{i@@fggﬁsggﬁenb gpfl |n%€fﬂ§8d to effect

magnet ostatically 1nt cti'ng ‘sing
or hiopab&Iey bR daHae R dohARNWWI hiduchaf kSndlfit in a magnetic logic
ferromagnetic material. In conventi onal

5mi csystdrec andribca diggnedit 1bgiyi gy starheartdvmeBomd efropetates of such a
1" and .15 0" are_signalled by a high voltage and a

| oW KPR dpeoIPprtingdhg s8B6sed nanomagnetic | ogi ¢

schene in the above reference, the two Bool ean states

are signalled by the direction of magnetisation

Wi TR -nbHEn SIOPSAT Ap?li%ﬁt‘i%’? 'Wbo(?%ﬁlélg.ﬁ Qfe@?ﬁ?&& %%V“el system for
syst em conmuni cat es change of Boolean state from one
poi digitah lbfe etpuied angiokeic BymhlRe4lld torNgblRohs PaRSmg along
or falling-edge of 20 potential along a Iength of

10e| ithogeanhigalliodafined veagnetiercomdnist . Coanduitperety described either

electrically conducting materi.als i.s that suych i )

ot SO TN SR ERCa b b IR e a8 e dgnain particles,

rising-_o I 0Q- . e explicjtl

or optpcfor Bhich8 BRI reRES O e el

in the above 25 reference, in one enbodi nent, a change

in Boolean state is comunicated by transmtting a

magimetorn eddivanh miedoe]lsdbtronid Hiyitahdogit] thectwnsl Bdoledmstates “1° and

contrast to the electrical case, however, the domain

5wal 107} arengignabed -yr 8pbigh Keltesse and a dpwnivaljage. eligéhe proposed

defects and.sq nust.be explicjtly noved b force. In

¢ nerg sl et oreb e the Shovyadeibpobedvionapolens States are

f orGenANQLb§ EOMB MR B Bmagnetisation within the conduit. A conventional
microelectronic system communicates a change of Boolean state from one
point on the chip to another by transmitting a rising- or falling-edge of

20  potential along a length of electrically conductive interconnect.

A property of electrically conducting materials is that such potential changes
obey a wave equation and so the rising- or falling-edges do not need to be
explicitly propelled. In the proposéd nanomagnetic logic scheme in the above
25  reference, in one embodiment, a change in Boolean state is communicated by
transmitting a magnetic domain wall down the magnetic conduit. In contrast
to the electrical case, however, the domain wall is not self-propelling due to
pinning at edge defects and so must be explicitly moved by a force. In the

disclosure referred to, it was proposed that the force should come from a
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magnetic field which rotates with tine, which also
W@ei08/02m5t he synchronous clock for the systenPCENGBR@®4/000840

the rotating field is very effective at propelling

domain walls, it is 5 inconvenient to have to

generate such a field, because r%l atively high

currents  and bulky coils are usually required. This

i s paenelieifield leaiCIv)rmKﬁtemﬁith tipes; tvalich @lpplactsass dies synchronous

suc | ap-t op, conputers and nobil e phones, where the
pomgpgﬁéﬁh&Wéﬁg?%ﬂgenerate the magnetic field would be
a significant drain on the limted battery capacity.

10 There is thus a general desire to provide a driving

systiedlleamt mlabing fioldeld ¢ eﬁéf’o?@@%ﬁ gg?g%négﬁo&ngin walls, it is

magneti c domain wall in such a |ogic

Sragimebheediogl © syt engardatosubiod fidldpbesaaté eslatiielsUdph currents
a system.ncorporating_the same, which does not

r eqeid OvilRe oRilghatenesully meiiredkt erfhis 11y prsHienlarlyda 1problem in
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| nvértlinied baféigVdagaciy dri ving system and method to
20 effect propagation of a nagnetic donmain wall _
1& hrough a ferromagnetic conduit in a nmagnetic logic
system .and to provjde.a magnetjic | ogic system and
net Jﬁg%r egf ¢ geng ﬁi 8?51@}@@'8%1)@3% daymgcysisar and mythedto effect

or 1 BioekPheh, S bR Tutin Sl AR S ddaE. Sstom, and o
e AL AP AT e O E0 eporaing
obj thetsanie, tisichrdss nioti reyeint ithe high phengyd@pat exieyndlly generated
158y81tn?1g1§}cincddriving field described in the reference. This is particularly the case
if the logic system is to be applied to practical portable devices where power

capacity is limited.

It is an object of the invention to provide a driving system and method to
20  effect propagation of a magnetic domain wall through a ferromagnetic conduit
in a magnetic logic system, and to provide a magnetic logic system and
method of operation of such a system incorporating the same, which mitigates
some of the disadvantages of prior art systems, and in particular which reduces
the energy input require to effept translation of the domain wall along the

25  conduit.

It is a particular object of the present invention to provide a driving system and
method alternative to that described in the above reference, and especially a

system and method which does not involve application of a varying magnetic

30 field.



met hod alternative to that described in the above

reference, and especially a -system and net hod which
wa@lomsg/ormast i nvol ve application of a varyi ng magPer/Ge2003000840

field. WD 2004/077451 PCT/ GB2004/ 000840 3 Thus, in

accordance with the invention in a first aspect, a

driving systemto effect propagation of a magnetic

domai n wall through a ferronagnetic conduit, for

exanple in a logic systemsuch as that described in

the _above 5 reference, conprises at |east two .

el eERys, dBIaceakaace Vil 4he deveudionainea dirsicespesk a driving system to

connection Wth at lLeast twy. spaced points,.on .

For i5irto ezl oot & atSie PRRge Fpel Sufee forromagnetic
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in use wth the contacts in"place to pass an

50s cidf¢r@hid) Godhmides iat déase two efdctitibul Goahctdadapted e hiake electrical

10 It is found that such an applied electrical current

i s edrfnectipy evithhapleapletwa sppcedmpieision a fersomagrdticscaiwimt, and an

cont.i nuous tracks of ferromagnetic. material_and
P p

pr o¥PETITET SULGHCIIEROHS SEPRIYIOSH U e YRR theRio-aaid thus in use
ext ' [ i el -
et b o BB ah, Refleping EAHER, et chrough the
physdilid v | ess bul ky and use | ess energy than those
that use an externally applied nagnetic field. Wil st
1 he invention is not necessarily limted to any
specific theory, it is considered that the applied )
el elétipi @apdctba%/ epeh jaa epplicd: plgetrical sussat i électipe in propelling
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tr in6f § eStnchrdisV [ ent i fi .
Ut o ok e Elotic WAHAE Ty SEARE i) SERRRLY applicd
199@mapiettd €k e@kisedubnllySdevicze Wak iincelpoldg his Magention will be
Mater. 25 159, L1 (1996)) and Berger (L.Berger, Phys.
15RevphyBigdly B85dullie seyl) useUlssagnergy than those that use an externally

applied magnetic field.

Whilst the invention is not necessarily limited to any specific theory, it is
considered that the applied electrical current is effective in propelling
20 magnetic domain walls down continuous tracks of ferromagnetic material by

because of the “spin transfer effect”.

Two very important scientific papers outlining this theory in principle were
published in 1996 by Slonczewski (J.C.Slonczewski, J. Magn. Magn. Mater.
25 159, L1 (1996)) and Berger (L.Berger, Phys. Rev. B 54, 9353 (1996)). Using
slightly different formalisms, each predicted that if an electrical current were
passed between two ferromagnetic layers, then the conduction electrons
should become spin polarised in one layer, causing them to exert a torque on

the other layer. This torque was named spin-transfer torque, because it comes



slightly different formalisns, each predicted that if
an electrical current were passed between two
wo esonomEghet i ¢ | ayers, then the conducti on el eRCT/GB2004/000840
shoul d becone spin polarised in one | ayer, causing
themto exert a torque on the other layer. This
torque was named spin-transfer tdorque, because it
cones WO 2004/ 077451 PCT/ GB2004/ 000840 4 fromthe
spi froof thehepiv aridbe icooduetiar tleotrend bemg tramsferfed fieun one layer to
fromope layer to another. The first verification of
thi%n%ﬂ%i ction was nade in 1999 by Myers et al. 5
(E.B. Wers, D.C Ral ph, J.A Katine, R N. Louie,
R A. Buhrman, Science 285, 867 (1999)), who succeeded
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ferromagnetic layers conpfising a nagnhetic spin-v

5i n{H B.WyepnsDiGBakph, JeAdCitine; R N:LoneNR. AcBulenan, hScience 285,
two |ayers. Although a very high current density was

r eq867 ed 908))actheveaucgepded daamagnspcally rsavithing edrieef, the two
the.smal | 19’%6 ross secti.onal area of the devices

(1 y RrEamagnelisdaysis COMRT IR 2 BaRRCtidSRINYALVS, 5Pk by passing an
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C herERichP et botiBes meDe FESAL" KIBBERL PN high current

fi elehseMi Was treq@igdd ¢ chiteSamtiRBARIE NpY trdnRf@Uefedt, the small
cl assical magnetic field. It is inmportant to stress

10 hatrospbectionahsfearofithe davivew(typivallyl B¥simat 160 el meagt that the
does not involve the generation of a magnetic 15 .
f i ehenalacwirenit weseevoivesmell, epd reertazdy frencihamableethan that which

gi ven Ral p . Ral ph, Sci e 291, 999 (2001)). o
S CHRuTh B Bt [ pEBeh Es1orTa R Grecris osioges Mot switching
exe =1 . j ' .
oy ol L USLEhL ANheAPTSRL 0, SRR CAOTD  banster
20 4 hews RoR-dlhanel @ffeef hRE doeyRbE hvodit BR siRFatich of a magnetic
propel domain walls along domain wall conduits in

I5nanfielEgnat bicef ogirviave vif cpi tr@osidnbbs beerlgiatr byRalph |(D. Ralph,
becone spin polarised in the uniformy nagnetised

regS@ﬁ”f%z%e‘)%@Qoé})- the domain wall; as they pass
through the wall itself, that spin polarisation

According to the present invention it is possible to exert a translational force
on a magnetic domain wall by passing an electrical current through it, through
20 the spin transfer effect, which can be used to propel domain walls along
domain wall conduits in nanomagnetic logic devices. Conduction electrons
will become spin polarised in the uniformly magnetised region to one side of
the domain wall; as they pass through the wall itself, that spin polarisation
causes the spins in the core of the wall to precess, and the wall to move in the
25  direction of the electron flow (i.e. opposite to the direction of conventional

current flow).

If the domain wall 1s inside a conduit of width less than 1 um and thickness
less than 50 nm, the current required to move the domain wall is very small

30 (typically 1 mA or less). This is to be compared with typically 1A, which is



causes the spins in the core of the wall to precess,
and the wall to nove in the 25 direction of the
we@bk@aormam fl ow (i.e. opposite to the directi onP@F/GB2004/000840
conventional current flow). If the domain wall is
inside a conduit of width Iess than 1 mand thickness
| ess than 50 nm the current reduired to nove the
domain wall is very small 30 (typically 1 mA or
| esthp.cuftens required be genemate edowgh leldsyioal aldgnefié, fiellli (Gbing strip
is WO 2004/ 077451 PCT/ GB2004/ 000840 5 the_ current
r edinasedf Eedgoils) ta movgdhe rampe yeall bxclassigabmeans,i andgso one sees

e B Bepldt ediss ot Cotiiriets 2045 pih jRdoed power
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power requi renents conpare rotatin

smagiret i Defices buslydgesd eh thie ldpc piré Ghudh dhidre ERMGIGRS and small,
built based on the |ogic are nuch nore efficient, and

snepdriable dlevedss eordether devises atithe mbgeeritlye nvikadhpower supplies are
i nherently Ii m't%g power supplies are nuch nore

pr d8EFR yIte pragticabléct ri cal- current source is adapted

to supply oscillating current to the 10 contacts, and

thus in use with the contacts in place to pass an

0sCThd @lddhcaleiifddti SodkcC W baAted b 1% RRcillating current to the
ferromagnetic conduit. It is an advantadge of the

10i nvemitacisy ahdtththiis user witht theacoittects elnaplaceltp pass, an oscillating
preferably below 100 mA, nore preferably bel ow 10 mA
Theeleetaigakeayenftheanah thatfeaamiagnetio sorat.t & isHumatheasage of the

f WMHz, .f npl e bet 1 kHz 1 d,i
parbyEtiaT 1 B EERTLEN e ol VSD0 [ DIHODuPe Y 00 ma,
lo_s Cﬂl&@%ﬂ‘&gra‘ﬁﬁy %feflfaﬁ" 18 ADerpd! ‘fx%ﬂueﬁcﬂp bHAL88abh 19 Yom KHzZ to

imtatfon sinusoldal, triangular or °square Wwave or

bi thuifRede o€ MMHEN G ExdiplebebsBEC , KPRt NY €1 04hd in particular
conprises a ferromagnetic conduit for a 20 nagnetic

15 odhetwegs t2hkHangd 500 dVEr. eAongatitable vsghatngtwaveform may be
e 40 R S48t SRS e wave o b

sequence.

In a further aspect, the invention comprises a ferromagnetic conduit for a
20  magnetic logic system comprising an elongate ferromagnetic element formed
as a continuous track of magnetic material capable of sustaining and
propagating a domain wall, and in particular a generally elongate, planar, thin
layer ferromagnetic structure, and a driving system comprising a serial array
of electrical contacts as above described spaced along the length of the conduit
25  or apart thereof. The conduit is thus for example one of the conduit structures
described by International Patent Application WO 02/41492 the content of

which is incorporated herein by reference.

The contacts in the serial array may be evenly spaced, for example to avoid

30  discontinuities in resistance between different adjacent pairs. Alternatively the



propagating a domain wall, and in particular a
generally elongate, planar, thin |ayer ferromagnetic

W@ Rwot4se, and a driving system conprising a BEr/G&R004/000840
array of electrical contacts as above descri bed
spaced along the length of the conduit 25 or a part
thereof. The conduit is thus fo exanple one of the
conduit structures described by International Patent
Apptortadtts anaWbh e 2/rdddailyt dpacedynoe mayohaverd phrticilar non-uniform
i ncorporated herein_by reference. The contacts_in the
serspacing patjerrd) nyedesgem AgsiEgdaeisert, fogrexamplp e intgoduce, augment
avoid 3 fdisglontipuitie.s N regisfapge bet%een - th
di fPePAMBAd) SEESPUBETY S 4G &PRART Jar PXepigdn association wit
2004 1%%?64 ?ﬂu&g‘ﬂl B0/ H008848n it €O BEREL & pTRYcuRS: logical function
irregularly spaced, or may have a particular
snonehiefliken spaci ng pattern to produce a desired
effect, for exanple to introduce, augnent or nodify a
di scontinuity in the conduit for exanple in

on wWith_suitable struct featgres in, t

assqci at ral e .
condi at hQ?SEF‘f’@cﬁlecéﬂﬁ%]r E9ndats ATy aé%@s@ tp JpRAS %lﬁthF?aE gonnection

the_l.ike. e £ .13 thi t S, are.
gt R SRR Pl BRLE B REL S no s o
t Wop SR aGe 1@ M1 Sciit R 1 bALE theS CORARINAH! Care@NHHoma® Wall to be
thus to pass an electrical current along.the conduit

1tandmoaad doagitadmially Watidebetwedea. 1Themy deadt angi eledirival Icpntacts are
t herebetween, The at |east two electrical contacts are
pr eprsiesbly disppsrskandhe aadeissawast toseply anoelgpiicy catent to flow

electric,current to,fl eneral ly, in a,l.ongitudi nal
i receraly 3 orgnensdinal drdotSee fhe Pafanfy Mostauefrabty, cach
dri yi C t LSe i
o1 o8 oA AR oA S BR6 L BRERGRe HERICDE across the
I n @a@{@fgpaﬁdh@rmt)_di ment, the driving system
conprising a serial array of driving contacts as
l1above described along the Iength of the conduit or a
paré)dat her.eof, wherein the electrical current. source
is

Fﬁrggerfqgi §m}9§|dyn%gt® ithe ggllvl%g system comprising a serial array of

driving contacts as above described along the length of the conduit or a part

thereof, wherein the electrical current source is adapted to supply oscillating
current to each conduit in such manner that the supply is phase shifted
20  sequentially between adjacent members of the array so as to complete at least
a 360° cycle along the said length. It will be seen that to maintain
unidirectionality of domain wall propagation the phase shift between adjacent
contact pairs must be less than 180°, and that therefore at least three contacts
will be required to complete a 360° cycle.
25
A cycle may comprise more than three contacts as desired. A plurality of
cycles may be completed along the said length of an array. Where a plurality
of cycles are completed along the said length the directionality of the phase

shift progressively along the sequence of the array must be, and the pattern of



current to each conduit in such manner that the supply

is phase shifted 20 sequentially between adjacent
woreioBerEsnf the array so as to conplete at | eaBCT/GB2B8/000840

cycle along the said length. It will be seen that to

maintain unidirectionality of domain wall propagation

t he phase shift between adjacent/ contact pairs nust

be |l ess than 180, and that therefore at |east three

conthagilmse whift poegressjuélyedong theosqajvenee af 366 acypg| @nvahiently is,

A cycle gay. conprise nore than three contacts as

desfcperfe /35’]15111 sHcgessiyegpclesycl es may be conpl eted al ong

the said length of an array. Wiere a plurality of

cycles are conpleted along the said | ength the

di remid aRalditettiBhatifiCal 85 fchrshibdd cﬂcgﬁfgﬁﬁ%'t “Per¥ AR in the

t he sequence of the~ array” nmust be, and the pattern o

SWO 206440 TiAEhPLToEBAQ A4 0I840e1d Icanhalsp besactiévdd through spin

progressively along the sequence of the array

conﬂ@rﬁf@h}ﬂopul%%- repeated with successive cycles.

Thus, the directionality and synchronous cl ocking that

were achieved in the 5 prior art through a rotating

MagheL L Gg fniOeIJeg\lfSi‘?lglre].ﬁ{ ﬁjﬁt e AGILGY %Hoﬁllar@éjgﬁt%ﬁ&q%acgﬁ,eas long as

trans‘%er prop ere |Is no requirene

confhagt appbiul tpbR ey i IRACKShropfiate®Iphsse IHRYd sequence.
appear topologically in the appropriately phase sifted
10seqiiemtaly, WhilSi forl amvgniente litstvill eisualiyn benprefirabletthat the phase
will usually be preferable_that the phase spacing
bet SR8EHME PrEWEER ;sﬁe/ supply af adiapentcontasst 1 genegdheeenstant along the

congstant.along the array. this is.not a reguirenent.
o 2106 enBataehoeaffib gl e dimeeb P e ffERton and for
apPLdrEat bBPRctRRS 1&3%%%&! ROGR iof .
preferr edﬁﬂ?% Ceneral |y, atr ﬁgﬁo Cl F@gﬁﬁg{ g%ﬁo}rfgﬁ{red
supply to each contact in the sequence will for
conveni ence have the same anplitude, frequency and _
15wavetaealy ditfef esdibiefing atuyentnsupiplis éo cleht cortachim the sequence will
APPLor chgllvglgllsenée ave the same ggl%llil’a? e, (%qu\{lgrrlg}ll glgld waveform, differing
only in phase. For certain applications two or more supplies of varying
amplitude and/or frequency and/or waveform might be considered subject to
the proviso that for unidirectionality the phase shift progressively along the
20 sequence of the array must be in a single direction. The electrical current
source may be adapted to provide the required plurality of phase shifted

supplies in any known manner.

Conveniently, the foregoing sequentially phase shifted arrangement is
25 achieved in that the driving system comprising a serial array of driving
contacts as above described, which contacts comprise a plurality of distinct
groups connected in interdigited fashion, each group comprising one or more
contacts with a common electrical supply (meaning either a single supply
means or a plurality of identical synchronised supply means or a combination

30  thereof), the respective electrical supplies being separately phased. The



anpl i tude and/or frequency and/ or waveform m ght be
consi dered subject to the proviso that for
wapiodiorast i onal ity the phase shift progressi vePgT/aBowg/000840
the 20 sequence of the array nust be in a single
direction. The electrical current source may be
adapted to provide the required8lurality of phase
shifted supplies in any known manner. Conveniently,
t hesdparagphasingas saal itlwtl the ghpgly is hplfase dhidtadasegmertially between
is 25 achieved in that the driving system conprising
a s@iJa?aﬂn‘farFl?la@e@f ofithe a1ay se stlaceanplsteapblrast one 360° cycle per
descri be I ontacts conprise a plurality of
di s#HeP ﬁﬁif}gt@&gagonnect ed in interdigited fashion,
each group conprising one or nore contacts with a
comon el ectrical supply (neaning either a single
5 upPoy examepleshe elactital raufrieny sofrck deatasiall t6 yupplyohiceestparately
supply neans_or a conbination 30 thereof), the
r espleaser wapelied te ithuge digpipceti interdigited eomyaatagrenps, preferably such

phased. The 2004/ 077451 PCT/ GB2004/ 000840 _ 8
sep@@’é?@lﬁﬁ’é’? h genesaibnaronnd 1R8° euppl phase with ke other two.
shifted sequentially between adjacent nenbers of the
array so as to conplete at | east one 3600 cycl e per

9r ofife B@lﬁﬂlﬁ{dﬁsrt%@drgg%%lg@rha?% 44 t@ ort&ssahar E#Ig{q’lé?ly preferably

current source IS to su hree Sep

10phaiees t1sPPO0 afh, tiRofd hiRerdbSi Ie8§ thannt 50 dhDhh& th&@ gﬁ@&%ably less
groups, preferably such that each supply is generally
ar othad 1020nmutTled trpblasedtli may theeccatsteat, dmmay Behearied abruptly or
continuous track preferably has a width of |ess than )
1m gisghellyfer example tooprodyce onnmytmgnta s dipesmdinuity in propagation

preferably.lessg than 150 nm and nost preferably | ess
PhaterB0 WihiE e R (h SeRa P BaieEn Delh ploriat iy he manner
be yarlidd apwpldy4pfoz. gradual Iy, for exanple to
produce or to nmitigate a discontinuity in propagation
1%energy within the conduit to create a magnetic |logic
el ement in the manner described in WO 02/41492. 15
The through thickness of the track is preferably less than 50 nm, more
preferably between 5 and 20 nm. Beneath 5 nm, material inconsistencies and
production difficulties are likely to be greater. At higher thicknesses power
demands will rise. Again, the thickness may be constant throughout the length
20 of the track in any given magnetic logic element or device, or may be varied
abruptly or gradually to introduce or mitigate a discontinuity in propagation

energy along the track.

The magnetic elements are preferably formed from a soft magnetic material

25  such as Permalloy (Ni80Fe20) or CoFe.

The magnetic material of the conduit may be formed on a substrate. The
substrate is either an electrical insulator, or has an insulating barrier layer

between the bulk material of the substrate and the conduit. For example a



The through thickness of the track is preferably |ess

than 50 11111, nore preferably between 5 and 20 nm
w@enweatasb m, material inconsistencies and prPOUGBRI03/000840

difficulties are likely to be greater. At higher

t hi cknesses power demands will rise. Again, the

thi ckness may be constant t hr oughout t he Iength 20 of

the track in any given magnetic |ogic elenent or

deviitieon substeate bpay drei webd, amithupst s¥icon djozidieabdryiet dayer disposed

introduce or nmitigate a discontinuity in propagation

ene‘ih&?ui’loéing the track. The magnetic elenents are

preferably formed froma soft magnetic material 25

such as Permal | oy (N 80Fe20) or CoFe The magnetic

mat b t

The S ABOR: SPRSITIRY hvoRBn P ol @hRRE I6Hle SIHR. (67 fogic device
Shascanpiinsudtdbast gnbaondeit chpytde of Betmbeng bhé pb@{i)égath a domain

material of the substrate and the conduit. For exa

a Wwalcod) povikd wihy @Qmmg @M@nocor@pmsmg coserial array of driving

subst rat e C i.oxi de, barrie
T ay Bt g5 abave disrabahalonentg pngrak iestmKiuniop wheast a part
i nv gRet [
BRIy RORRLLor 80 UE N By B8 SodRBE S nodes
andaRY/6p RktiBRala cHAERE Nas \Wakdsufnef Rf&mhd@%mﬂﬁnamns may be
driving systemconprising a serial array drivi ng
lconpmctsseds above described along the length of the

conduit or at |least a part thereof, wherein the
conduit is further adapted by the provision of nodes

o G5 GHh A0HER 3 RS B B govice o
her giothehf o l%wll%%ﬁ%ui‘?f ark fn‘?éﬂd%ddt%vl')& el ad ext%nhﬁ%' fo all circuit

device or to am elenent of a logic circuit, ar
i nt elegedtd or devicesdviash exéd kndwmgmt theadrk aslfre@aw‘my to make up an

el ements or devices which are known in the art as
Inecelfecdivie Iogiombiesdugystem, 1B psrtiedar deviceypr cisasié ¢lements selected
syst.em f’ln articul ar, devices or ci rcuit el enent
sel ]ée{ne e £oup comprising mterconnects inctuding st1a1ght interconnects,
corners, branched interconnects and junctions, and logic gates such as AND,
OR and NOT gates. Logic circuits manufactured therefrom include a plurality
of elements selected from some or all of the foregoing in a suitable

20  arrangement in the usual manner.

Elements will be for example of the architecture described in International
Patent Application WO 02/41492. To produce effective interconnects and
gates, deviation from strict linearity will be necessary through the provision of

25  nodes, junctions and direction changes in the conduit, which will tend to
produce less effective coupling along the track and increase the energy
required to propagate a domain wall. The resultant discontinuity in domain
wall propagation energy is utiliséd in accordance with the present invention in
logic interconnects and gates and the like.

30



fromthe group conprising interconnects including
strai ght interconnects, corners, branched

W0 niogT@Anect s and junctions, and | ogi c gat es BCUI/GBa®4/000840
AND, OR and NOT gates. Logic circuits manufactured
therefrominclude a plurality of elenents selected
fromsone or all of the foregoihy in a suitable 20
arrangenent in the usual nmanner. Elenents will be for
exahpacsoodanchavith a futtken aspectdefsbe iimesntion, & mathedof prepagating a
Pat ent Appl.ication V‘g{OZ/ 41492. To produce. e fectiv? i )
i nt BReBeieepmanhall jarqugh ayfspromagistic,comduity forrexample in a logic

o i Sl s, R BEERERA M b R kTl YoipdheS applying an
' Conﬁalqatirg‘ lefdetriddl | curfid 5181ag RLO WHrRulteBweEh 4! 1648t two points

coupling ong the track and i ncrease the energy

5 edhiefesh. tla partipakal ¢ha nethad reondbrises Tapplyiagubn adéctrical current
di scontinuity in domain wall propagation energy is

ut i dlosgdhe reoaduid radah pluralityhof peings 68@115341 weaally dhetealong for at
| ogj ¢ i ntergconnect nd gates and the like. 30 WO
208%/&@?7??&%%10?%@[}?@56 9Lr/3880840 10 In accordance with a
further aspect of the invention, a nmethod of

propagating a magnetic domain wall through a

f er ppERgRGEHed CaRBddinent Othe XRIRIE cothpRisk® Hpplyia¥ Shescillating
such as"that described in the above reference,

1congetiseal appeyi apngntheoswidulitast agpletadict of qalintsudisposed serially
al ong the conduit between at least twp points 5. .

t hethssplong, vhsreindhe plectiipel GErMBFUEphDES BRascapipfipd sgquentially
an glectri

al current al.ong the conduit at a o
o1 ufeifteeD bl icBMars REBRCR el sEARYY hmlsiP andesbp 360° cvele
at g ﬁ%éﬁe pafptepftht he length thereof. In a preferred
errbogl nt the thod conprises applying an
oscillating 10 electrical current along the conduit
at a plurali t%/ of points disposed serially thereal ong )
15sheMaish priaéerablye tthe calethag cemprisep pipplyiwgphasesaitiating ¢lectrical
tiall bet dj . . . th !
2:%&%%}1) éheif:gﬁﬁgg ?lt Jga;ggglg%%eorlﬁts o(IlSpOSgd asre{rlgﬁy Stﬁerealong
such that electrical current is supplied to contacts comprised as a plurality of
distinct groups connected in interdigited fashion, each contact in a group
supplied with an identical electrical supply, and the respective electrical
20 supplies being separately phased such that the supply is phase shifted
sequentially between adjacent members of the array so as to complete at least
one 360° cycle per group pattern repeat. For example three separate voltages
are applied to three distinct interdigited contact groups, preferably such that
each voltage is around £120° out of phase with the other two.
25
According to a further aspect of the invention, a magnetic logic interconnect
for a magnetic logic circuit comprises at least one element as above described
incorporating the driving system or method above described to propagate a
domain wall therein. According to a further aspect of the invention, a

30 magnetic logic gate for a magnetic logic circuit comprises at least one element



along the said length. 15 Most preferably, the nethod

conprises applying an oscillating electrical current
wW@bkong7u4be conduit at a plurality of points di BEDEB004/000840

serially therealong such that electrical current is

supplied to contacts conprised as a plurality of

di stinct groups connected in intkrdigited fashion,

each contact in a group supplied with an identical

el ext raboak dapplbed amebrphetmgs et driveingl egsteincair 2tethod above

suppl i es being separately, phased such that the supply
i s M@beg e Premgatesy d@mairawalsl tg@tems ehAcedingin a Trthdr aspect of

nmenhers_of ..the ar 0 as.to.conplete at | east ne .
36018y ITETHER ¢F QUIRSTE: e (il coply s A dnrqliiy egf suitably
se : ' 0 r Ml
o AP SHRED B AR IR TR \RE gates as above
Seacdesesibtd giacosporatingndhd 2rivdug ofstgphase nwithdd tdhevet described to
two. 25 According to a further aspect of the ] )
i nvetiopagate cademgmewil thesin Inrmuehcosinadt, magnetig logic elements in
magnhetic logic cjrcuit conpri.ses.at |east one el enent .
2s HEGVeTHESE I e st asegbP b i JYCREORMAY NG AyAEem to provide
or a K P 0

OF, RO RS 058 09T e B S8R BpufHiRIh WRbof, or any

t herei ect o

| NVEihet RRow# lgﬁcwtégéthﬁ%ﬁhgﬁﬁﬁolé PlitefeolMBNRL i C
logic circuit conprises at |east one el enent WO

12004/ 077451 PCT/ GB2004/ 000840 11 as above descri bed
i ncorporating the driving system or, nethqd above .
desthe Bkyiaco Op SHPEFR MY i prppIise swidable eplectrical input and/or

Accor di to a further aspect of . the invention, a . .
megPEPREtosthalece chpgnetriictiior 91T wherly aditeet cirouit.
sui tably designed magnetic |ogic interconnects and
magnetic | ogi c gates as above 5 descri bed
I ncanpataatpledftthe opetrationgofy shedrieingreydad @bibeenvention, and of
described to propagate a domain wall therein. In such

1% cexample, maggaae ilogicodevices aremraordanceawdidr then gaingiples of the
the. first aspect of the invention nmay_be arranged t .
pr oAVEBHORRY B 1eY, borESCyIegSIeTRBPEgRt (S, AckyIRaty (g Agawings by
co nQ'aQ YrisBh ‘ilﬂ%‘ﬁ%ﬁ%ﬂ, o whibh:

Figure 1 shows an example of the propagating system of the present invention;
20
Figure 2 shows the principles of figure 1 applied to a magnetic NOT gate;

Figures 3 to 6 show similar principles applied to other logic elements;

25  Figure 7 illustrates an example testing the principles of the invention.

Figure 1 shows an example of one particular case of the preferred condition
wherein three separate voltages are applied to the three distinct contact groups,
such that each voltage is +120° out of phase with the other two, using

30  sinusoidal waveforms.



ot her known | ogic gates, together with suitable

i nterconnects. 10 The device or system may further
weomwpl7=el sui tabl e el ectrical input and/or oUPEIIGB208/000840

enabl e the magnetic |ogic device to be used in a

| arger circuit. An exanple ‘of the operation of a the

driving systemof the inventionl2and of 15 exanple

magneti c | ogic devices in accordance with the

principles of the invention wll -now be described

B s e
L BLSBAERN 0 A St NS EERRDh, LY SRR orin vt

mag %P i§ dMehid %ﬁnn t'ﬁ'e%‘é@l@ withOm@g ﬁét@s\é‘uéh”ahké’dtlon at either side
prl ples applied to other logic elenents 25 Figure

i fhevsifbefgsinaicatadbpltiee drestvi iS5 X Eéecpﬁncaqumhestnmﬁs (Ll?r}eare made
|nvent| on. Figure 1 shows an exanpl e of one parti

caste &f dasaipruakd rop@dwéomrteptﬂd m/ahé%dﬁfetrmfe@oups (El E2, E3).
I nct

contBE Egh GTerent afinips e Bk At eat b S adlaght (5t V2. V3)

v ST B A sBb AP @9%@%&@%@%‘6@%@&@ it lower par

fiogre eq[%ﬁbdes a schematic illustration of a typical
sub-m cr track of ferronmagnetic material (domain
1onal | conduit). A propagating domain wall (13) is
shown within the track, with magnetisation direction oo
at At tthe beginneng afhibecbrst sarcley tﬁﬁ diet flavyg ayelepison qugigat is into
ectlon

onkimasigh] (Lep i hor A, et i AP0 S Aopelled towards

tg L?g%sn(f{a% grcgﬁttacgg%mpe ¥ oI ? ﬁ%m(e\;ff%%gbn%g?ﬂﬂ%f Ba¥Rle, the net
t hef]l4300D¢lec@bn ROASAL Kl iRLS 0bRtatt BRY A DEdEohalin wﬂﬁtﬁé propelled

in the lower part of the figure.
15  as far as the nearest contact of type E2. During the final one-third of the cycle,
the net flow of electron current is into contact E3, and so domain walls are
propelled as far as the nearest contact of type E3. The domain wall is thus

propelled laterally along the conduit in general direction of the arrow (17).

20  One sees that as long as the contacts are always ordered in the sequence 1-2-3-
1-etc, the wall is steadily propelled from left to right. A minimum of three
different electrical phases is required for unidirectional motion. More phases
may be used if desired. There is no requirement that the contacts should be
equally spaced, as long as they appear topologically in the sequence 1-2-3-1-

25 etc. Thus, the synchronous clocking that was achieved through a rotating

magnetic field can also be achieved through spin transfer propulsion.

Synchronous propulsion using 3-phase (or greater) electrical currents will be
essential for logic circuits that involve feedback of a Boolean calculation into

30 an earlier part of the logic function. In this case, it is not possible to define a



10 At the beginning of the first cycle, the net flow

of electron current is into contact El (it is the
wore®l/opasi tive), and so domain walls are propePdEGB2004/000840

towards the nearest contact of type El. During the

second one-third of a cycle, the net flow of electron

current is into contact E2, andldo dommin walls are

propell ed 15 as far as the nearest contact of type E2.

Durbeginiing aidraxl epddor Hia thfofmatien pythivegy, andesonatsiriglewlectrical

of electron_current is_intp contact. E3, and so d in )
wal FUsTERE eCOUd Rl calY adomgin aféeﬂiaq allnga w63y ARy thy function.
ty E3...T I l.] 4 I o I I .

L Dcinie! OF e RS bl St huofbBh SoiiEre Al bk finite-state
(17 26 S 0 i i

b ibackled )10 SRCAesbEd Ry BOTDIGR L DA TIogid DRsien, Chapter
5i s &tRatsrtworisppel led fromleft to right. A mni num of

three different electrical phases is required for
uni di rectional notion. Mre phases may be used if

desj . Jh [ ' hat.th t.act
tSEf) {1% . hTrgc;ﬂ%g:vy r}g Igg{ggﬁl{orﬁggse E)Eﬂ%.\n?gsls; %g?ftgagdggws the NOT Zc?ra’ce
CRALERLER. by eI ATOHRRAE N2 e 2R gud Unica

r ot Rigdddm MREREt | Appliehtlofa0220%07.0e attycevddgt ho otgdye earlier
spin transfer propulsion. Synchronous propul sion

10usi digclBspiease nanemggesticedymelrewalli NEXT gaterfancdomichh beeachieved
essential for logi¢c circuits . that jnvolve feedback of i
> b hetting dhe domain Wal heendit 5o dh FRAE Risd LS QHetopological

P BB 1B LS S8S st 4B Bl e o wan
begiMiuiichR e @hggéh {26 atdiSp (P oREfRM RE T Attioand
so a single electrical current ‘could not carry donain

wal l's all the way through t‘he function. Exanples of

such circuits include synchronous counters and other _
15 i nThefigues Blustratenihess theethgee elscigisst eejaetsishorld be made in order

e kO 5 S SHEF S iy spin transer
cl O&hjr&&, Béco?ﬁﬁg%i fRls {nehQbn ! Ij’fﬁlrh@ﬂﬂaaﬁ%t one-third of a cycle, the
electron current passes from point E1 to E2, and so the domain wall is
propelled from the input into the central vertical arm. During the second one-

20  third of a cycle, the electron current is from point E2 to E3, and so the domain
wall is propelled out of the gate. The inversion function is thus complete

within the first two-thirds of a cycle.

Figure 3 shows a 06-bit serial data storage ring in which the domain wall
25 conduit (31) is formed into six concatenated NOT-gates (33), where the
electrical connections (35) still appear topologically in the order 1-2-3-1-, but

are simpler than those shown in figure 2.

Figure 4 shows a domain wall conduit (41) configured as a three magnetic

30 input (11, 12, I3) single magnetic output (0O1) MAJORITY gate (see Snider et



described in International Patent Application W

02/ 41492 and United Kingdom Patent Application
WO2RIROAS0D. According to these earlier 10 di scPOFGB2®4/000840

a nanomagneti c domain wall NOT gate function can be

achieved by twisting the domain wall conduit into the

shape of a cusp, or a topologi ca# equivalent of it.

Figure 2 shows such a lél%ic el enent, in which the main

val &l. JcongliiRhysa8S 04283 €9QP R doi definition 0§ MAIORITY function) with
perform .fynction, 15 e figure illustrates how
P hellihs Elopiel heppaion, Sx 3gadn oviltly ﬂ'% thigg @p.pfieg redeyp voltages

to pr omai n wal |l through such a NOT gate using
onlgvg’gfg’?fo’g'nsfer current, according to this

invention. During the first one-third of a cycle, the

el ectron current passes frompoint El to E2, and so

3 heFihwiai i whdwsi s dpmapel well towdoit he 1) npomfiguwied tabea 3-input
central vertical arm During the second one 20 third

of MAJRRETYt grte soapeeten tewr NENE ghte, trihnilyee wletricalconnections

E3, d he d [ wal | ..is propel.l ed

gat s BethoepPoRe fued epatied SRR Lol Ve V20 n
the first two-thirds of a cycle. Figure 3 shows a
6-bit serial data storage ring in which the domain

wal Figuzd 608RewE & 38pmiatn fWaNEdondilip @1¥ eomfigaedatsda 3-input
NOT-gates (33), where the electrical connections (35)

16t i MAHPRERY gatpalongecial ity a NQThgats dles owtpeet dfwhichus then split
are . sinpler than those shown in figure 2. Figure 4
Sholio 2 B SRaBAT (D@ deithe eutppt depm ithe fwaction and ghe ether part

magRet;i j ta 4Gl i nql et i Jt pu
IR Se Ty MUBIIEY s ARSI B e shown
PCT 2&%/%%%6% lthged{V1Jv2Appl . Phys. 85, 4283
(19?9?’“” Snit ogeo¥ VAJGRI TL function) with

three electrical connections (43), again with the

three applied group voltages. (V1, V2, V3). 5 Figure 5 _
15hols cadetotmipiovaalthatc Bngupess{Be ) tocmene g ais wall through spin

? hlr Eférlf%fplég@g Sggﬂ-ar %glgﬁ%aggﬁ %gﬂg)c}n%dwﬁc?e, & N9 Somit Bl conduit
from Permalloy (NigoFeyq) using; electron beam lithography. Figure 7 shows

the sample. The domain wall conduit (73) was in the shape of the letter ‘C’,

and a large Permalloy domain wall injector pad (71) was connected at one end

20  of the wire, in order to inject a domain wall. A further electrical connection

(77) was made at the other end of the domain wall conduit (73).

The focused laser spot of a magnetooptical magnetometer was placed after the
second corner of the conduit at position 75 in order to monitor the magnetic
25  switching of the conduit at the point. A horizontal magnetic field pulse was
applied in order to inject the domain wall from the pad and to propagate it as
far as the first corner. The magnetometer did not register any change, proving
that the domain wall did not propagate completely around the loop. A current
of 350pA was then passed thrc;ugh the wire. As soon as the current was

30  switched on, the magnetometer was found to record a switch, showing that the



(53), as before with the three applied group voltages
(VI, V2, V3). Figure 6 shows a donmain wall conduit
w@ amy/otanf i gured as a 3-input 10 MAJORITY gatBCT/GB2004/000840
connected to a NOT gate, the output of which is then
split into 2 parts: one part (02) is the output from
the function and the other partl5feeds back into the
MAJORI TY gate. Three el ectrical connections are shown
( 63<)urrwttha1dap}5hsé dhwdmmagle‘@al(l i, theayapBpm the finst comer to the end

thrﬁ%ﬁve ik ToispErs Tieabilisy o1 R faat e 1 Proeelridomain wall
duit f P I
@8&@53@%5.tﬁﬁdﬁﬁ%ﬁ%l‘ﬁ%%l?# "t hogr aphy. Fi gur e 7

shoms the sanmple. The domain wall conduit (73) was in

the shape of the letter "C, and a |arge Pernall oy

donEhe inebhtiom] lest beerpatbsériigd \msPaldnnhurtwﬁhatefemeen’d) logical
20 of the wire, in order_to inject_a domain_ wall

f ur TG BHeRPERSt ﬁuggﬁst%bmémermaahowﬁam% Apnlicagiont HéO 02/41492.

5o Ehe SBte o HSalighBelictiaf i SV wedtEed FRUE Shvers for
af L &lcht A8hitS&aRN hf Of REfl el uddd ‘fsts&g gﬂéttthétlﬁ\Q&ﬁich ﬁn;ﬁiﬁicable to

in order to noni’tor the magnetic swtc
conglyyf architettnge pdieid a wglb@lr orZétheAfunvhion s lo@teflh@i By Ipropagatmg a
pul se was applied in order to inject the domain

1G r omaghetipddmamiwall lpteoghpaloegiatteaomagactiasondeit.f i r st
corner. The magnetoneter did not register any change,
proving that the domain wall did not propagate
conpl etely around the | oop. A current of 350A was
then passed through the wire. As soon as the current
was 30 switched on, the magnetoneter was found to
record a switch, show ng that the WO 2004/ 077451
PCT/ GB2004/ 000840 15 current had pushed the domain
wall all the way fromthe first corner to the end of
the track. This proves the ability of spin transfer to
propel a domain wall along a nagnetic domain wall
conduit. 5 The invention has been described in
particular with reference to | ogica



architectures suggested in International Patent

Application WD 02/41492. The invention confers
w@a20otioz4bar advant ages over magnetic field driREr/&BR@r/000840

such architecture, but it wll be understood that the

invention is applicable to any_architecture where a

| ogi cal or other function is obt&i ned by propagating a

10 magnetic domain wall laterally along a
ferronagnetic conduit. WO 20644 1

PCT/ GB2004/ 000840 16 CLAIM5S 1. A driving systemto
ef fect propagation of a magnetic domain wall through

a ferronmgg ' it C [ - e pt . .

2 LE1F PROOENA G SO0 1o SONRE 3 8aglidi PR iflgenc domain wall
connect i goMh ha aﬂerﬂoﬁ?a%‘neﬁ&\ﬂc&ﬁﬁﬁted:onﬁﬁﬁék SatO'Iea%t two electrical
ferromagneti ¢ conduit, and an el ectrical current

%our ce toontacts pidylpte:ddolmaita elgctricat eotmédtieneviih aabehst two spaced
thus in use with the contacts in, place to pass an

osci | | at PRigte pec& ferEQinagifticepRNAH Ailighan leciasnd (urrent gource to

2. AdHVII’i}g mlnacc lg eW|t cIa|m1m€ tact
the el ect'tHR Sc‘é IPSn‘i“r%eé?uF EO1 A BPE dn e St %;[‘/e contacts in
osci | at hage GYHh&Mn Hcil el

system i 1?ﬂagcoiaéance V\Cnl?ﬁl ai ?n@lcﬂlg?uré%gltﬁrcg{g{%%hé‘gonduﬁ

the electrical current source is adapted to supply
oscillating current at a 15 frequency of oscillation

lbet deen A KHring @ys_l.te@—m ancorAaﬂ@er mﬂ‘agiaam ¢ whatkin tthe electrical
for a magnetic | o risi el on
f er r omagh@EeR oL ﬁéa SHRPlY GSSHiAtRE ST 3?1@6@ 100 mA.

magneti c nateri al capabl e of sust al ni ng and
propagating a domain wall, 20 and a driving system

conpri si pgdAvER' éﬁterﬁrlha%c@fdﬁﬂc@%fth(‘(ﬁélr& qQnpAelatm! 2‘ wherein the
accordance with any precedi ng clai mspaced al ong the

| engt h otlettrecal conent sovrceaispadaptech éo esapplys osdlllatmgl wutrent at a
in accordance with claim4 wherein the contacts in the

Iserial Psquencyolgssillajion betwper dkHz and 1 GHz.

4. A ferromagnetic conduit for a magnetic logic system comprising an
elongate ferromagnetic element formed as a continuous track of
magnetic material capable of sustaining and propagating a domain wall,

20 and a driving system cornpﬁsing a serial array of electrical contacts in
accordance with any preceding claim spaced along the length of the

conduit or a part thereof.

5. A conduit in accordance with claim 4 wherein the contacts in the serial
25 array are evenly spaced.
6. A conduit in accordance with claim 4 or claim 5 wherein the electrical

contacts are disposed on the conduit so as to supply an electric current
to flow generally in a longitudinal direction along the conduit.

30



6. A conduit in accordance with claim4 or claimb5

wherein the electrical contacts are disposed on the
weenwdoiss0 as to supply an electric current POI/GBRW4/000840

generally in a longitudinal direction along the

condui t. 30 WD 2004/077451 PCT/ GB2004/000840 17 7. A

conduit in accordance with one &f claims 4 to 6

wherei n each driving contact conprises a contact . o

nmenber ehteomduitgntacaersippse Bith erg okelaime 4 totawkersin gach driving

Clai e 4STHAG RPN 4 HEY BPL A EL S PE Mg BREl cross the

i s adaptgg.it ?Ih%ﬁgﬁlt}{er%fi Ilating current to each

contact 1n rray rn such manner that the supply

i s phase shifted sequentially between adjacent

menbers of the array so as to conplete at | east a 3600
5cyc8.e al Arpridng isaicdoidencg withidhedof dlammnd dod 7 winerein the electrical

accordance with claim.38 erein the gscillatin .
current CHIHPISPUEE léa%éﬁp{egﬁ? SEPPIyOx t@@q%ﬁ‘eg tpygach contact in
t he sane,anplitude frequenc nd_wayef or di.f.ferin .
onty 1 RagE 5 Sugh AP, A B Chss WpRY sBuentially
clai m 8 gliwelkediatfabetiichiberd Bﬁﬂf_éodﬁaépéosaé b cdffletCat 1Bhst a 360°
array conprise a plurality of distinct groups

connect eglydle alongtthe dagl leagthf ashi on, each group

conprising one or nore contacts with a conmon
1Cel ectrical supply, the respective electrical supplies

bei ng separately phased such that the supply is ase
shifted geﬁf?}gf\]tlﬁ é} WC%E%C& Wé@hglg ag @Yher%n%]@r %sc:%?atmg current
the arr o) e.atqle 6 . .
per gr 03%1 g¥ tag)r tﬁg?@p%%t&t’tﬂl? tkkc%ue??@i%%ag%%r grgeceamphtude,
W th cl afredéhcyheidewavdBam eiEfdingClly Ghphagy. source

I's adapted to supply three separate phased supplies to
three
15 10. A conduit in accordance with claim § or claim 9 wherein the contacts in
the serial array comprise a plurality of distinct groups connected in
interdigited fashion, each group comprising one or more contacts with a
common electrical supply, the respective electrical supplies being
separately phased such that the supply is phase shifted sequentially

20 between adjacent members of the array so as to complete at least one

360° cycle per group pattern repeat.

11. A conduit in accordance with claim 10 wherein the electrical current
source is adapted to supply three separate phased supplies to three

25 distinct interdigited contact groups.

" 12. A conduit in accordance with claim 11 wherein each supply is generally

around +120° out of phase with the other two.



25 distinct interdigited contact groups. 12. A conduit

in accordance with claim 11l wherein each supply is
w@emwenzil4sy around 120 out of phase with the oP¢IEHGBRMB/000840

WO 2004/ 077451 PCT/ GB2004/ 000840 18 13. A conduit in

accordance with one of clains 4 to 12 wherein the

continuous track has a width of18ess than 1m 14. A

condui t

in accordance with one of clains 4 to 13

whel®i n Aheondiibughacovrdaricek waths oot ohelaimsci {as 1egédherein the

than 50 nm , 15. A conduit in agcordance wth one of
cl ai ns 409%1@]@%?]2%5 ?Wﬁé‘dﬂhﬁgfﬁ‘éﬁ g@ne]rléfﬁents are

preferably formed froma soft magnetic material such
as Permal |l oy (Ni 80Fe20) or CoFe. 10 16. A nmmgnetic

one
50f cl ai mhickress dbthe tvdvkrigilesstthen 60mahali t i s further

adapted by the provision of nodes and/or directional
changes as a result of which |ogical functions may be

donkin i FORE g eFordie oillh 8B col sHARL 4 18 14 Wherein the

conpri Si
electric

logig el arepiduiiah aBcbi@ahse A8 &R SOARMS LAY 18twh&aj thee through

conduit and driving systemin accordance wth on

Bebolfy ShFRaf ad Rl Aol Mo 8 M megpgtic materal

two poi nhicht kePerialloy{Nid@re2thor@yfeod of claim 17
conprising applying an electrical current along the

I0conduit at a plurality of points disposed serially
therealong for at_ l.east part of the |ength thereof.
25 10, TRemenpide legic qlament Somadpaicndeviee comprisieglat least one
current SRR plE gROARE sy R bR IgR N Rh ohePSH URERs 4 to 15,

adj acent©

15

20

25

30

17.

18.

19.

20.

wherein the conduit is further adapted by the provision of nodes and/or
directional changes as a result of which logical functions may be

processed.

A method of propagating a magnetic domain wall through a
ferromagnetic conduit comprising the step of applying an oscillating

electrical current along the conduit between at least two points thereon.

The method of claim 17 comprising applying an electrical current along
the conduit at a plurality -of points disposed serially therealong for at

least part of the length thereof.

The method of claim 18 wherein the electrical current supply is phase
shifted sequentially between adjacent members of the array so as to

complete at least a 360° cycle along the said length.

The method of claim 19 wherein an oscillating electrical current is

supplied along the conduit at a plurality of points disposed serially



conplete at |east a 360 cycle along the said | ength.

20. The nethod of claim 19 wherein an oscillating
we@bk@anrissal current is 30 supplied al ong the PORGBRG04/000840

at a plurality of points disposed serially WO

2004/ 077451 PCT/ GB2004/ 000840 19 thereal ong such that

el ectrical current is supplied 1D contacts conpri sed

as a plurality of distinct groups connected in

i nt er di ghersdldngshichrthakelepiricebavment issuppliedtpcontacts comprised

supplied wt 1y identical electrical supply,.and,the.

7 obect ch plahy easURgpERuES HePReted B ek g feton, cach

such th b s ly ISt i '

Dot veen AT 4 WA RYRE TR 3 ik fheed SRR Npbly, and the

conpl et efe%edtﬁéséle@ﬁﬁ‘,ﬁ@@lpﬁﬁéi % s\%ﬁ%ﬁbi? BREA such that the

repeat. . The nethod of "claim erein three

5separ at esupplyt agphaser shifipglsequertmliyhbetevedh stdjaneint members of the

interdigited contact groups such that each voltage is

10 ar ourddTa2® #iito emplekesa lgpstioneridlochigle Refgroup pattern repeat.

21.  The method of claim 20 wherein three separate voltages are applied to
three distinct interdigited contact groups such that each voltage is

10 around +£120° out of phase with the other two.



