; e3el dn6TyoWD 02/ 41492 1 MAGNETI C LOG C ELEMENTS The invention relates to \\
the provision of |logic elenents for logic devices and logic circuitry usimg.“f
the propéy® vzs$i403 magneti c quantum cel l ul ar automata, 5 amRATiGBOp@F2cul ar *
to an architecture for the design of such |logic elenents and devi ces and
for the design and operation of logic circuitry using such elenents. The
nunber of transistors on a mcrochip has doubled every 18 nonths for the 10
past 30 years, a phenonmenon known as “Moole's Law . Fundanent alm w i
phenonena associ ated with snall %;r icles make this exponentia ’f/ﬂ Wlﬂmﬂﬂ”’m
increasingly difficult to suSOdE. LM lC RLEMENT S, o ng consi d%roo%om

the sem conductor nenory industry is to incorporate nanonetre size 2
.magnetic particles ( nanomagnets') into mcroel ectroni c devices. A conputer
system 15 requiel @efién 9lhdesBTRE ?roﬂé%’ﬁvﬁr loghUéleflen®s T(Helogﬁi fidviYed #nd
process information, the latter usually beil ng achi eved through electronic

«| ogi ¢ devi cedogib ¢iewiltevisieg dhe fpropativs @f haagibazn qpaomes edliglansutomatad from
nanomagnets which could be used to performlogic functions nmagnetically

( Cowbur n and and inglaraedar 8z iaaragehitantuizgpr the dasign ofeRich Iopesedenentsaimadd
magneti c quangium cel | yl ar aut qmat a devi c of.fer, patentially 40,000
ti mes hi gher eﬁ’c‘:@@r%\‘%‘fcﬁrd@’ﬁs V%h%m%tf‘ﬂq alogiP cFBEHBY: PEIRRCSUGHhi | e
only di ssi paeilﬁﬁelﬁsfra(:ti on of the power. 25 The magnetic | ogic system
described in e reference described arrays of nagnetic nanodots and uses
magnetic solitons to carry information. A magnetic soliton is sinmply a

sem -abrupt and nobile transition fromone nagnetisation direction to

anot her. Therlheanenbenwf trasistenstompanderechishasdutiled every thmanthscionplaonent

of such a magnetic logic system ifs soliton PCT/ G801/ 05072 CONFI RVAT] ON

e SNy iy P SR R S pe EM&@&%MW i elflaldaftﬁwnﬁlgahy&cai on

nucl eation field, I . i I I . f. netic
Fi'el d wh on petoeh SRR, Wi SHRL Bl IR I BRIGRENE, ReoPBEC
conponent. | pdigad gﬁa&i‘ﬂ‘@tﬂ@ft sh§taleSOnb RN 4 éHBlSI"IS’él lopbidbRa BPlthd On
experiences all}lti} ?sn al oéous (t)o (gt atic) af?ﬁi (l:lti gn in SH%@(?hani cal E§%ystems.
The soliton meslicaiduotorfmehmry Indhersis endidorpirateagaedimetré iséded mbpndétiorust
be applied to create spontaneously a pair of solitons in a |ogic conponent.
Such spont andgtiicles éavnpemagaetsndude raisreelagironic |dexipest oAapOBPYSASHEIS ogi ¢

state bei,png generated. Soliton nucleation i nak ogous to..electrical

br oak-don i HEQRER: b Snby < PRRRIS R S nalRec e B R i ebu ¢
have a propagatyiitibh e HREdusEaR e z&ﬁ@veﬁ%ﬁ@g@r@e%&ﬂe i€ deofERLet el ¥
freely without any resistance to hotion) and a ve i gh nucl®eation tield
(errors are very difficult to create). The figure of nerit for any real

magnetic | ogic component is the field separation between 15 the soliton
propagati on fA @cw denicearqhitactusn Hasdiegn prepegesk constipetasi Hom nanamagnets
magnetic field which js str enough to propagate existing,soljtons

i Phout _er r ondutRISpuld,Be e g sREraiost RirBRds sasnatelin CRvhuah e

pr opagat hgn I i i _grgat di i i i

manuf act zrgl ngwtgl(% er’agr?géeﬂscgmé!t f%’ﬁgp(}tg\giﬁc%@%qlhg%é;?%g Eeiﬁ&i obggﬁ{elg%ﬁugl
practical | ogellulevingematd (MQUECEdsaicys teffdepeotentialy PAAODDCHmMedT kightect ur e
for the interconnects and |ogic gates which are required to nake up the
devi ce. |n t hetegriionrdengiiy then camentional mirreclsoirpnios svhileconly slissipatog @l ong

atrack int evi by coupling between the adjacent discrete magnetic
e hon ot 5 fgower.p g J 9

25 The magnetic logic system described in the reference described arrays of

magnetic nanodots and uses magnetic solitons to carry information. A

. magnetic soliton is simply a semi-abrupt and mobile transition from one
magnetisation direction to another. There are two important parameters

associated with any component of such a magnetic logic system: its soliton
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25 regions conprised by magnetic nanodots. Whilst the field necessary to
propagate solitons in a straight line is relatively small, changes in

di recti onwOpusepv: ons, and logic gates will result in poor @T&BIPOSNTY

bet ween adj acent solitons. The resulting energy discontinuity necessitates
hi gher pr opagation fields, reducing the gap between the propagati on and
the nucleation fields, and WO 02L1192 3 PCT/ GBfl 1/ OS1172 |l eading to the
probl ens above descri bed. The disconti nui4ies were exacer bated by the

di sconti nuous structure &f the MXAs in the reference paper . S The present
i nvention seBkepagatigndialdand ifs splion ruleatons Beldnddeaoliton E@R&géﬂl@ﬂr@‘?icé of a

| ogi ¢ devi -wWhi ch pm b i d
Loar deviCe, i el msss, 16, e by AHE glgbanat kot 00 i
i nvention thegey ?anﬁ%Y k%gl%gﬁ: dBHEPGer ﬁtg LBl &I BE i rekRare 1O SHGEVI CE

conprising at |east one ndui t capable sustal ning and propagating a

vmagnet i c sol wtldeh tifeerselitort hexpesivniecdst and fisir adogaapd e(sthyc)t Heachoavisi on
of nodes and/or directional changes as a result of which |ogical functions
may be prdcesiashanicsl pystemsor tensditan mrclaasionniieldtis dhe stiemgifradtinagsetic t on

IS propagate 0 he condui t.. The nodes and/ or corners incqrporated into
e’ condu t * diefdStHleR s Bg apilisd 28 RS oRBRNEMHIT: b Bt Db GEBgRaNGh
energy, and i I RUWLg | Qi . [ .S

ener 0y, and, J0BS LohASRAL' RLh! inBRRoRe oA ShRSNE 9 1A g
possi bl e, thedRecEs 6gieostdtél beiflisgertatedPaBblitdd nbelehtisn PR AaldEdsh e
soliton and of allowing it to propagate. The magnetic properties of the
condui t nust eleetriead foredkadowand etectrondi sygtegms.he conduit so configured that,

this can_take place. For effective functioning, it is therefore 25
necessar}ofor the soliton propagation field to be significantly |ess than

any spontanequs: ito thQn. Il I r, e, |
nucl eation fi ergLS{lﬁ@ergqégl%l %egrg?é mhgdehgg%a%bhg%grt@eﬁ%@ Y/esrgftélfsgé;gq _
three tines the ﬁélﬁ‘gﬁﬁa@éﬁ%d@e{élﬁ"'%e‘lf WIERAH GRy AR sishiids (thi @btivny | abl e
devi ce. WO 112/-41-492 " 47PCT/ I'1 /'0S072 Whi | st the consideration of
sol i ton propagdtivenry diglnaucestiomiitldoleaoes are wgrpeiifficult to cdeatehi The figuee it
will be seen fromthe exanpl es given below that there are circunstances
where it is @émerddios anpyealgpagnedicilegicororapongngés thedield sepanetigntbetweemi n
| ogi ¢ deyl ces, su as_gates. For. .thi,s functiio the resetting.field needs 5
o exceett « nENSHTROR Prdes-aiar: Gldiand tpeIeationy BelduymbFigRe BoSiPIaseiBe
is preferabl g .} abhicAn akd id Sk M:[E, { mes
the soliton gr op gegcit%%ﬁf i Iélltcg 5 gﬁg@kg prgher r@ﬁ?gﬁge ){lﬁgﬁﬂgﬁg}?@% o} 8% our
to six tineserrbheonsly mnplpating arwobnanETlgylaggachotdapbictivesn the prlopagaion of
nodes or corners 10 within the conduit itself means that the | ogical
functions ar end muetgagionyfiglds, the greater the distribution in manufacturing tolerances
that the device can tolerate.
20
To generate practical logic devices it is necessary to develop a practical
architecture for the interconnects and logic gates which are required to make
up the device. In the Cowburn and Welland reference solitons are propagated
along a track in the device by coupling between the adjacent discrete magnetic
25 regions comprised by magnetic nanodots. Whilst the field necessary to
propagate solitons in a straight line is relatively small, changes in direction,
: junctions, and logic gates will result in poorer coupling between adjacent
solitons. The resulting energy discontinuity necessitates higher propagation

fields, reducing the gap between the propagation and the nucleation fields, and



conduit structure, and that the nmagnetic logic elenent itself conprises,
for exanple, a gate or an interconnect, with no need for a distinction

bet ween, won2gx@epl e, the sem conductor naterial of a devirA/amd s copper
of a conduit which m ght be used in conventional systens. 15 The conduit
effectively forns the device, in that it becones the device nerely through
the changes in propagation energy which result at the nodes and branches.
This represents a significant advance ovet the structure suggested in
Cowburn and Welland. In that publication, the conduit had sone

functional i t yeading ntor ethat ippablemsprabpagatdeseritefd. a riEym ediscoistuitien. were
accordance with the present invention the changes iin direction and nodes
.gi ve further ekgsebateddiy he ﬁwwn@nu@tw@wctwe@?ﬂh% Qi 4s finrdbeiteigenss egr al
to the conduit structure. Mreover, in contrast with the paper referred to,
the present PAR®ntion al so nmakes the surprising and significant realisation
ithat it is not necessary to 25 create discrete nagnetic regions of

mat eri al (nanodots) to formthe conduit in order to generate and sustain a
soliton. §n %@Ogﬂéétﬁeiﬂﬂehﬁoh hezeRs asepiovidey ant arohitedthre TR0 Reignetic dogio t
merely needs to have an architecture capable of sustaining and propagating
a magnetic clamans of a.logix deweTmbigy maxdaces thogap betwsucthegpropagaiianect ur e
may conprise discrete magngtjc regi.ons, . or. sen -continuous magnetic

regi ons, or énégl?‘ﬁﬁnﬁfﬁﬁﬂéo%cﬁﬁ t%F"%ﬁ’ﬁ@WeqlPé‘bﬂ’éet B’Fq%i‘i’mS-Thus t he magnetic
conduit may take the formof discrete areas of nagnetic 5 material, spaced
in an array at a distance that is sufficiently small to ensure nmagnetic
coupling bet wreBrdiflf 36 @Y pAkERSInvERio® NP iLprdvaddd amahefiB)ogiemémsst a
chain of discrete dots of magnetic material, such as is described in the
Cowbur n &hd Yed & dogicrddvecee nompristiige it hastsomagohdnie capable cfl sustashiageandan

el liptical shape or, a conbination thereof. @hsol iton in this case is thus
formed 10 by PIORAZAHRE & MAgneGFoliten; vihewmin domeondnit §s Batheadapied ol ent
areas. Such areas exploit, nma tostatic coupling to facilitate . propagation
of “the ol it Shansiaf & Aaftel 3ok ik enal B Endelen A MY b ML IORER et T
areas whi ch ahitiidnBsh yg@h&;&g §, such as abutting geonetric shapes such
as hexagons etc. 15 Al'terhatively, the magnetic conduit nay be fornmed as a
continuous track of magnetic material, effectively form ng propagation

zones for exanple by control of the domain structure, In these |ast two
cases mabhet il agsaHange wituhe myendeme magngte iselitan is propagated ahengtheal | v)

discrete regions facilitates opagation. The saljtgn is in effect t

Gonat - val | s6ngit pi g apReE anBleb koM iormaio Told bl Skl vttt
Conbi nat i ons . f alchS . apli.eat i a
conti nuous tgg{:ekﬁ%%tot(ggﬁgmp@?ttl% @?P%Jr"g@%% %)g%]ld@g%ed@ggéﬂgw ﬂé%n%m
continuous t backpoitdd tagcther solitan Repropdgatsdi tbapteriutertht R gZdal Naheliemance
and propagation of solitons in accordance with the invention, it is likely

to be preferdesitethyway fromthe point of ease of fabrication. Such a track
preferab&g has a wdth of |ess than 200nm nore preferably | ess

For this to be possible, the magnetic conduit must be capable of both
supporting the soliton and of allowing it to propagate. The magnetic
properties of the conduit must be such that, and accordingly the conduit so
configured that, this can take place. For effective functioning, it is therefore
25 necessary for the soliton propagation field to be significantly less than any
spontaneous soliton nucleation field. In particular, the soliton nucleation field
should be at least twice and more preferably at least three times the soliton

propagation field to produce an industrially viable device.



t han 150nm and nost preferably |l ess than 100nm The track width within any
V1'Ofl2/~1-492 6 PCTI G B0l /0all72 given magnetic |ogic el enent may -be
const ant W@p2/4ig92 be varied abruptly or gradually, for exaRpT&BIYOFDduce or
to mtigate a discontinuity in propagation and energy within the nagnetic

| ogic elenents. 5 The through thickness of the track is prefer ably between
5 and 20nm nore preferably between 5 ang1 10nm Beneath 5nm materi al

i nconsi stencies and production difficulti'es are likely to be greater, above
10nm power d wll .rise. Agai the thickness nmpy be constant
Chroughoat + ROMISE g ronsidarafion CESRTon Bipaditieiainas oes GOt GLE 4 WARST o
devi ce, or : I. 3 eaéj;;é ' Jitigate
.a di scontinui 1§/‘b‘?‘hﬁ§§ %%g"ga |§ﬁ"!8§8‘%8§‘%a g{ng ‘?@l?sr gg’l?.hr}fegl&gﬁfei&a Eneepgrllltgti ve,

the conduit gRMurASEREdsSRhaRe Arikadeshblots epplicaciont éfa Bk figld, tEaehetdot
has a wi dth of 200 nanonetres or |ess, preferably 100 15 hanonetres or

‘| ess. The maeprtain dogicalewives sacle ap gafesr divirythisounetdor, theresestong fishnesdsc

mat erial such as perpallqy (N 80Fe20) _or Fe. 20 The magnetjc, materjal of
the conddit a§Xx%e f@nﬁé&){% e 1 fgld. C&?Po’éﬁ%&lﬁ} Z’mbpu%{h ﬁjlﬁf’@reﬁ’a}t Yuch as
silicon. Referent er.ehn . t of | ogi c.device or {.o a haogic
devi ce or toP" %’léﬁ%ng}‘ﬁt ti(l)]\e %’%@%i@%@@& ?I,Ekgrdgg? rﬂoé n%cgeﬁotegeﬁpgadthgs
extending to I-&15dbati el -SEMIGE ' : i e art
as necessar yS(tﬂlgblrng)‘ll( eﬂgghgﬁ Fﬁef ’eét {gvére?%%#giﬁt%s 2%”@%1 8%{681;0%{] g%@%i i tgﬁ%gr
devices or circuit elenments selected fromthe group conprising inter '

connects including strajght interconnects, .corners, branched interconnects
and j unct i onkhe Aneptperationgef erergidiseantimioson Hedfowr ofarosles arggiraers

i i f d f i ncl l. i WO 02/-41-492.7
per caun L e et L MebRE o Seie inttions B PierbEBfg i n a
sui table ar r aRARHE Birudiilvd N AARIERARSTctic 1038 SIGHGR, fISIPIAuisRt ORROat i on

energy is to the energy feqU|req to propagat€ 5 a soliton through-a
nmagneti c conghktiiniplesa aanver dehréricbetlect] withind néxel fpRr disfiadtesh bétdtechNfor

continuous track of constant configuration and thickness, or in a linear
array of magerampler gy samsicofdudentriateialpfopdevicesandghe lwoppenof armmaduitr r ay
o RNt Rt ehtPe tsid if aohventional Gysterms. 2 SPaci ng and thickness,
15
The conduit effectively forms the device, in that it becomes the device merely
through the changes in propagation energy which result at the nodes and
branches. This represents a significant advance over the structure suggested in
Cowburn and Welland. In that publication, the conduit had some functionality
20 in relation to propagation of a magnetic soliton. In accordance with the
present invention the changes in direction and nodes give further functionality
in the form of specific logic functions integral to the conduit structure.
Moreover, in contrast with the paper referred to, the present invention also
makes the surprising and significant realisation that it is not necessary to

25  create discrete magnetic regions of material (nanodots) to form the conduit in

order to generate and sustain a soliton.

In accordance with the present invention, the magnetic conduit merely needs

to have an architecture capable of sustaining and propagating a magnetic



t he propagation energy, being the energy necessary to produce effective 10

magneti c coupling between the adjacent regions, wll be generally constant.
To produde0er4dezi ve i nter connects and gates, deviation PECHIGRYTOMTE
linearity will be necessary through the provision of nodes, junctions and

direction changes in the conduit, which wll tend to produce |ess effective
coupling along the track or between adjacent nanodots as the case may be
and increase 15 the energy required to propagate a soliton. Reference
herein to a discontihujty in propagation energy is to a discontinuity
necessarily &PHfng sg‘lcbrﬁ“% FERIERS rgrﬂ@am%mmmec Hiscaets  nPRRRF 1¢8igB%oPHance

nects i ke.

120 Such o scoub R ree Bkt e EhERRTRELS AR b gtk Raher gy

barriers to the propagation of a soliton across the discontinuity.
Propagati on energi es woul d necessarily rise significantly, resulting in a
smal | er gap Mduvake magipagatominittmdy naké ehe ifom erfedigerete ateas exft mageettmses
there m ght be a tendency. for stray nucl eation events to occur, and to

t her ef or & pr 6&5@@12513@%%61 PR apiay At fodistaneet that 1o geidicilycemall fforaseEs ar y
this can be addressed irf. ong enbodi ment _ of thel;nventi in tha

h
transition zBHENEHC GURIREDCtHFCR YRR APt YhEXUBREuiHoR r?&?t-zt}g&ayat

| east one di A QU 3 ' I Y I jon
change or ' SETRsFe 4105 CERIPRAR T L BYEh L HRRER, AR o BeSHBELHL T
provided in gdv@oedueh ahd &V dilacbriférentd, Wwhich dofy pRgdalvt arcitbul #ahiaps, an
wherein magnetic properties in the transition zone are adapted to provide a
gradual propabjticehskeapergrya tomhbuiationrthereof.hA solitos ¢ this wasd is.thes formed s
enbodi nent, the effect of the djscontinuity is nuch mnjmsed by provision
of o trahd! t PEThS GREETIGHCRRITT BRI IpPRATHTS OPREPFER YO ajagedh dredtn YR
desired prop i i I Whi . t L€ f. 1 ener gy
m smat ch bet \%%’2"%1 eaﬁ{x"qt ﬁv\%%gé’ﬁ%gtggm&oﬁgl&%ﬁ f;a%?lgté‘feoﬂgpggﬁgd& (gfaﬂl ﬁailpﬁles' ener gy
10 mi smatch over several such regions. This exploits the realisation that
t he propagation energy in the working device need only be raised
suf fi ci ent | y Altergatineel g ufifei magmdticecmrdyit mey poagaiset maghetics atehs ovhieh ahgt t he
conduit over the energy barrier between any two adjacent re?i ons. The use
il

of a transit i peHhbousH LB ahabuiineneerTBeEicy§hanes malchnasahiexagpngi ¢en
int inth tg 15 the. di i nuj d th th

PP opagar fon- ARAR e Reaeb G AoASREE Wb} b P08 1 bR et or
dpageLfon. MPAg a Fectl ! !

and nucl eat | g%g‘liﬁ]@ﬁf:%a?é}gal,mef#epﬁ%lggﬁrﬂﬂn%bﬁégig?%%% %nw%ﬁ'ehﬁﬁmggg%ﬁaﬂ on

events. The ed person” w re y a e those non-

scenari os i ncohirehofthe dducsd sahitmeé.i Ua thesepldsogwanchseo nsemedotexichangases

i n propagation energy are likely to arise. These will include direction
changes, croseupling Seaveerf Bmctanally (hutmadrsateriatys disgrric jragions daeilitates ot her
functional regions.in l.ngic gates.. If..the di,scontinyjties at these points
are so gr eat Preagarion. £ Rofanrifin sffeet fos domin aratl a5 top@pagaes gt
soliton gycl i eper 110 S [ QF Sphe t hen
t he pr ovrgi oﬁ?%ftﬂ{a&kt Pgnlg?{%lls%%c g%%gu%nl' gﬁ(?mgﬂe)ﬁglglgﬁga ﬁﬂgﬁé Iqﬁi’é&(r6 ghﬁ :iglg}t/ }% isis
found to risemploypal.ticular in relation to conduits conprising arrays of

di screte magneti c nanodots. However, in the majority of instances, and in
particul ar where continuous tracks are enpl oyed, provided

For many applications, a continuous track is to be particularly preferred.
Indeed, provided a continuous track architecture can be made suitable for the
25  maintenance and propagation of solitons in accordance with the invention, it is

likely to be preferred anyway from the point of ease of fabrication.

Such a track preferably has a width of less than 200nm, more preferably less

than 150nm and most preferably less than 100nm. The track width within any



the difference between propagati on and nucl eation energy is kept
sufficiently WO 02/-~1-192 9 PCTI GB111/11S072 high, it has been found
that a t veme2/4i49n zone before the discontinuity in propag&CraBoeosi’gy
formed by the node or coner will not be necessary, since the propagation
field itself will be sufficient to propagate the soliton across the
discontinuity without running the risk of stray nucleation events. 5 If a
transition zone is provided it may be adapPted to provide a gradual energy
transition by variation of underlying magnetic material properties or by
variation of giEeit yragacte legigmlemant Bwyfheyoenstarinopmayhke vagadtabruptly ot i al

between along the . .conduit. Eor sinplicity, this Igtter . altecrnative j.s much
.10 preferred. 1fx§1|ua§ﬁ/e ﬁorae)iapghlg itP iPS{’lTE%n(E' t%gﬁng’cg\?gﬁn% 3138?11?‘%1% ILRRPEAYPR Y, a
nunber of al tﬁﬂ%tei-%?%i tlf%emHgﬁéj:icsl%g?Jélkﬂe}{ QOr in conbination to produce
t he gradual variation in propagdation €nergy. Th the case of discrete
‘magnetic areas, such 15 as nanodots, variations in spacing, size and
thickness in a direction perpendicular to a propagati on plane may be

enpl oyed. 5Pr efler Hivbygh Huickoesst ofvtgntradle is prpfenablyi betwreent 5 andi 20ron, mone

provi de a gradual ener transition in advance of the, discontinuity b
neans of a grpiﬁﬁéﬁb%i’ﬁg‘é?qlb and LOnma. Beaueqth Sgnry; magariad inpensidentiesrad t o

t he propagati e ) i i gkn 0_dncrease the ener of the
ol i ton et oRR PR B ETES LY thCBREet, w0, PR hOgoE 8RS
variations i RyaNis@f Adagh 18k a8RIknGsLmalyb& 86K 2t Ohr AMBHRRhETBN I of the
contenpl ated. \Were conti'nuous nmagneti C tracks are enpl oyed, the thickness
of the track trek ibenyaiveardmagnetidiogic tlenterper devidecoll iaty the tanedpibangtlpf
propagation, or track wdth may be varied. In this case, preferably

adj acent 195 rasggiadually, to miradese osrmitigate ar diseqmiinudly iro ppepagatien engraxiual
ener gy transitlion bytgagliadual variation in track wdth. Wder tracks wll

i npart hi ghera ?ge‘hﬁ X The extent of the transition region is a trade off
between the desire to keep transitional |engths small to maxim se device
density, and the desire to avoid WD 02/al-@2 10 PCT/GBflI1/11S072 excess
propagation flnefhd slisastine, nthetdarsluitPhriyec@biise vararddy @F déts Qﬁeﬁﬁt?nbﬁé ween
adj acent regions is of the order 5 to 20% preferably substantially around
10% Where vanitatinbn Baghadati kascd width aofy? 0 nehomkires or dess, harefragllyt 160
material _Ln a direction. perpendicular to the plane of propagation, 5

t hi cknesd? of TRHPHCESE OF &5Fons preferably vary by between 5 to 20% nore
preferably substantially around 10% Simlarly, where variation is achi eved
by variation of the width of a continuous track, w dths applicable to

adj acent magrEid mapRdic Bknidit Qiapraferdly findEieen SofrfagRic MBafgial
preferably substanti all Y 10% 10
such as permalloy (Ni80Fe20) or CoFe.

20  The magnetic material of the conduit may be formed on a substrate, for

example of a material such as silicon.

References herein to an element of a logic device or to a logic device or to an
element of a logic circuit, are intended to be read as extending to all circuit
25  elements or devices which are known in the art as necessary to make up an
effective logic-based system, in particular devices or circuit elements selected
from the group comprising interconnects including straight interconnects,
corners, branched interconnects and junctions, and logic gates such as AND,

OR and NOT gates. Logic circuits manufactured therefrom include a plurality



In certain enbodi nents, the nmagnetic |ogic el enent includes one or nore

di screte magnetic regi ons having ani sotropi c magnetic properties in the
propagat Voo opkEpz. As will be seen in the foll ow ng detai Pe€ai/GBysOsG7pt i oN,
this mght be desirable in a nunber of circunstances to enhance coupling
bet ween 15 adj acent regions. Anisotropy is preferably introduced by control
of shape and configuration at the nagnetic region in question. In the
enbodi ment where the array of magnetic refgions conprises a chain of dots,
the said anisotropic property is achieved in that the dot is elliptical

Ani sot ropy fDE|elementst iselegtederiiom sume oorodl f he | fovegaingt iblae suatablepst
pur poses. 20 Accordugq tP a further aspect of the invention, a magnetic

.1 ogi ¢ i nt er cHAAREIF rnélﬁﬁﬂﬁipﬁgmﬁbgic circuit conprises at |east one

el ement as above described. According to a further aspect of the invention,
a magnetic logic gate for a magnetic logic circuit conprises at |east one
‘el ement as aRef@el@shérehth pripaddtedt dhagytio 18 the!ehdiay raqwesd td)fn;dﬂa%ate
invention, a magnhetic logic circuit conprises a plurality of suitably

desi gned Jmagaesolgohotfirougint @#rmognettt scomdditmagneahowe |degembaght et asilhldmve
descri bed. W U2/ ~1~12 11 PCT/GBOl/U?llZZ Accor di to,a further aspect
of the i nventPRIFCIAEdHIgHE f CopppvQuSHiEdck-at pensta\omaruradiagy ngd Huckngshet i c

| ogi I . i.bed.and .f i Si for.
orovi ding a Cot ORPOAEEEY Of MeReRBeiby ERlentRpEbiole Rl S a9 §limsg be

[ d. P ] [ : [ ield
Consi ebing of T ariguetEmAmRang M SRR, Mulal B s RSl e,

pref erabl e atHeephaagationansbrgpy beipeefies alvleygy ateotsigra t6| peidudg éffedtild n a
cl ockwi se or anti-clockw se direction. In such a device, magnetic |ogic

el enent sld n awgsedareupling etweerf thesadjasprictegisinst velli by ganereHy meppstrat.
arranged to provide OR.gat.es,. AND gates ates, .any. suitable 10.

conbi nati on {llﬂerr“é’ ce 8_&5%5{\&6 ot bcrong‘ﬁfﬁﬁrﬁnrctgg@ggg?@)f‘mﬂ cfb%mh%’rlc{_/\f‘flﬁalém tabl e
| nt er connect gy e n@@%ﬁsﬁﬁr iou Hrﬁllé?%ro‘if?é]Bﬁ'éd(gnéHéé, aj‘ﬂhgti&{seﬁg&!&i%chﬁp“t

and/ or outputs to enable“the gnetit logrc vice’'t'o be used in a larger

circuit. 15 Afareannl ;eotoridigt, PRt wiN told do Prodedd fesk QdfsctiveVesiplingi C
device in accordance with the principles of the invention will now be
descri bed. Thioagwhe ftraick ardetiween adjrosttmanedotseasdibe elasp meryt boind xampase

architectures for elenents of the devic such_as interconnects and .|l ogic
gates, i1 actSrshse romingdita RrpRAGHG ﬁépﬁf% Reference; heyanttp Srdiseentanéin i n

Figures 2 to. 15. i h €: | a i for hath nanodot and
cont nuous. ¢ PaBIOAERFr SaBES ds SBRR AP, RGPty Ay hie B O BARAE 20
b) . Ref er encRnédrityedRidhoisl halide@Sinladddrdénddf withethRCHREBANNVEALSH aMi1ogR by
way of 25 such illustration, in which: Figure 1 shows a polar plot show ng
t he | ocus of int¢usonnepieand getes@kd thelile.vect or during one clock period of a
clocking field suitable for operating a device in accordance with the

i nvention; WO 11 2/-41-192 12 PCT/ GB111/11S072 Figure 2 shows the Bool ean

or i pi - or v ghErthi B RTS BEsBRs? e teR AN e BRERL b0y et
ogi o state Lo SghopaERRorOL b BOAicH frbns W RBUNALD. "BIoPaekih EREWE,
condui t usedwonid asrceysandy sosd tsigrsficantdy Stesaitify ihi aesmaller gap between
propagation and nucleation energies. In extreme cases there might be a
tendency for stray nucleation events to occur, and to therefore produce

25  magnetic breakdown in the logic device.

If necessary this can be addressed in one embodiment of the invention in that a
transition zone is provided. In this embodiment the conduit includes at least

one discontinuity in propagation energy therealong, at a direction change or



10 Figure 5 shows a unidirectional inter connect (upper and lower) with a
schematic graph of the soliton energy as it passes through the interconnect
(centre) wat/HHgure 6 shows a correctly term nated condui PCTABRYUIHTY shows
a symmetric coner; Figure 8 shows an asymmetric corner; 20 Figure 9 shows a
t wo- phase fan-out allowing a signal to split to two signals of opposite
phase; 25 Figure 10 shows a one-phase fan-out allowing a signal to split to
two signals of same phase; Figure 11 sho#s a cross-road, allow ng two
signal lines to cross each other in the sane pl ane; WO 02/1-t'12 13 PCT/ G
BO1 /0072 Finpdes and &uansition 20 GRowaidedainc Advansewpletheadisapfsiitoin Bat t he
gate will per formthg, AND funﬁti on when.the clack.field sequence is as
.shown in Fi geficgagation gitggtien,1wheicyl magngtio eprestigs in the “@P@’E‘PQ P Canged

the orock 11 S Shofibn Bl od° bilfel” e fisilond “CAEl 2Bsa 07 Ry

‘gate archit egkisfifgper) and a schematic 10 representation of the
magneti sation directi"ons which lead to an inverted logic state; Figure 15
shows a NOT gate which also turns a coner; 15 Figure 16 shows exanpl es of
exchange coupl ed magnetic | ogic el enment other than nanodois.  An exanple
nmode of operki flas gmbedimantqiisc effselgohtle disqontinuity g mychapaislsesk bwpl e

e Hh arabadimuntdbio elipedon ke i¢ Scd wycaoRdnis
Mvent s on. - (PPYQIOLiR iy ARu PR Do iR ATE RREE ol i R e 1o

| nvent i on. BERT iy ACTOPHIH _ | per at
evel op the SXARR! GrRglioh! FRUUACNEE IRRLKEE (ha dRARG 67 fleebflolgy

applied to t . ( Vi ce acts both as power~ supply and as
The cl ock hamishatcHibetwe@ninphas adjapeit maghatt rebi@istyy dprehding thoesergy

schematically. In figure 1 is illustrated a polar plot show ng the |ocus of
t he magnil i cmésnoatkh 3ovefri sevedral esutchr regionsng Thie exploits ther readisativre thatethd
vector begins the period . . . .
propagation energy in the working device need only be raised sufficiently to
give sufficient energy to propagate the soliton along the conduit over the
energy barrier between any two adjacent regions. The use of a transition zone
reduces the maximum energy mismatch at any given point in the approach to
15  the discontinuity and thus reduces the propagation energy, maintaining a large
effective gap between propagation and nucleation energy and minimising the

likelihood of undesired nucleation events.

The skilled person will readily appreciate those non-linear scenarios in which ‘
20 reduced effective coupling and consequent increases in propagation energy are
likely to arise. These will include direction changes, cross-overs and fan-outs
in interconnects, and junctions and other functional regions in logic gates. If
the discontinuities at these points are so great relative to the difference
between soliton propagation and soliton nucleation energy may lead to
25  erroneous nucleation events, then the provision of a transition zone might be
desirable. In practice, this is found to rise in particular in relation to conduits
comprising arrays of discrete magnetic nanodots. However, in the majority of
instances, and in particular where continuous tracks are employed, provided

the difference between propagation and nucleation energy is kept sufficiently



WO (12/1-492 14 PCT/ G B111 /0S1172 pointing to the right at phase 1. It
then proceeds to rotate anti-clockw se through phases 2, 3, and 4 and then
back to wW@nE4i492 started at phase 5. These 5 phases all hac&GBongtEant
magni tude. In phase 6 it junps to a large |eftpointing value before
returning to phase 1. 5 The phases can be applied either as a conti nuous
rotation of the magnetic field or as discrete junps fromone direction to
the next. The first four phases constitutde a 360 rotation of the applied
field and serve to propagate solitons around the |ogic network. The St''
and 6t'' phakigh, iththasdieea foumdgHwt ardepnisitione zoe thefong fhe disoantivhity sinused
to clear logic gates to their default condition. |t can be seen fromFigure
1% har the. cPOPREHEE shcray TAMDET b bE TORe Q5 oo TR b Beees i Sasr
directions s ' i i.S; ' Iz | . a

| ogi ¢ syst emﬁ%"ﬁ?ﬁb@gdﬂo%ﬁe\%dé‘t égﬁ"z]luzﬁg%‘ﬁfg é;%?}\lglg(? gro%lg%cﬁfj{'gt% Sla{tsoq{wée‘{}?#p@gct ion
(i) will Sh&’l\é’céﬁtﬁ{uifﬁﬁitﬁb@tcﬂﬁlnﬁﬁigs@le'r%l(V@F StralyTRRIafBh dvnishe design of

signal 15 routing blocks and | ogic gates. (ii) Architecture Design Process
In the ilslustrated enbodi nents, the invention is applied to discrete
magnetic 20 regi ons conprising discreet magnetic nanodots of the type

descri bed i nlfeoWBusitionanews peavddedhHaney becwlepteddasprovidera grashiel §8618%s been
noted the inyentj.on jis appl.icable t ny nmeans of providing a,.conduit able
[o sustarn premulan b BRdesn St deRie FRABReE niedhCpiaduesl iy thyer

| appi ng dot s, Q¢ ' I &C, j I ' : tOhs are
ot herw se prgé\}?%}gg{,]%E?égﬁeifgn%ﬁg)ég@&gg%g?%ﬁ%gﬁ%r!())?/ t%ﬁﬁ%‘%%&%ﬁﬁ nwall is
in effect theets@ehtflong the ddndwitl e Fardsiagticitys ehiki lgueelttthaind k7 mubher e
are three paranmeters for each dot which can be varied in the design of an
ar chi t ecltQur aprefigrwek: the position of the dot, its thickness and its

(uni axi al) ani sotropy. For continuous tracks variation in track wdth have
equi val ent effect to variation in thickness, and may be 30 preferred. WO
02/ A. 192 15 PCT, B 117 i bq: I: in_a l,.. ice
conpri si ng dﬁlscslrugleg#ﬁén%gﬁh c?zr(i‘)_ialﬁé\g‘lotsdl ;ﬂ%%@‘pél/rﬁ)tcf ?@gug}s\égﬁ%@ﬁﬁl i H{élgl?)g%ed(gf}/ _

el lipticity jRerhBfvétomadalel Wsedl JepfAElyd& in EdiBbihiok it Plodicd R FBHEAl axi s
of the ellipse gives the direction of "the 5 ani sotropy easy axis (shown as
a doubl e headaiatanr owprapaghiicen doengyenln) thenchse d disrete mhgndtes heagt hishof

maj or to m nor axes, gives the strength of the anj sgtropy (expressed, as an
ani sot r opy f f%| BANQAQTS, | Mar§iansd dBu FRATIE Aﬁizeelffl}dptt lﬁkﬂl?SSr ati ¢ Ar§{©or der

of 10%w Il he sufficient to : ni_sotro fields,| r of 100
Ge. 10 Narer e T POPEERET kB oRh s b e b S, BORRER o
the propagat hﬁ@n@t’i@ ré“g{%@ﬁ{ iRNrlsigoh izbRO ?r@&idé ‘ﬁ%’fh@i@ﬂﬁﬁfe@%ﬁ t@nkiiogdigh of

t he nanodot exanpl es ©of architectural bloCks described in e next two
secti ons. Thadweancalofuhadiseostimane byhaoarseeha gsethat vassmon apthickssstihe
positions, 15 thicknesses_ and ani sotropies of the dots shown for each bl ock
so as to ninflivpetion merpandiradat itonthei prapagation dlassi nir@easss Hudhisknesn

field. dix 1 ' h It _from. Lcul.at i f
or opagatiibn HRC CHRTEN o Fif SR PRr Wher FPUAI aket ok FBRRe s ALk el

in sections §ieaV, \ 1 : . f y
(N S0Fe20) . TamBB el A s of e uiiide BE Tn BRERe QP OV Y e

used. It wilbebeomempheed.t hifherostortimois malhélid tprckpageat ieaipldbyel, dtheof <20
Ce and nucleation fields of >80 Ce. There is thus a w de w ndow i n_between
these two | i tielengsp offihe frackanay be waried|in andigeationdeerpendisulasde theplane t he

speci fic exanpl es of,.device el enpnts ich.follow. anisotr and. t hi ckness
Toroee or o oRbiheg T ar kR iibe Bued Lt P BHEBROE R EACH T
f 100 i apet ; j : f . d .
Sneort oGS B0 HalBfh JohenEe SdafteBI6 brifidR " BRpl ok el
by gradual variation in track width. Wider tracks will impart higher energies.

The extent of the transition region is a trade off between the desire to keep

transitional lengths small to maximise device density, and the desire to avoid



t hi cknesses, dianmeters and spacings in which case the anisotropy and WO
02/-41-192 16 PCT/ G B111 /05072 thickness values given in the follow ng two
secti onsW/H4eed to be recalculated. (iii) Logic basi sPeTiB81/8¥0dhdar d
Bool ean logic basis of "1' and 0" is used to describe the architecture of
t he exanples presented in the present application. There are two possible
mappi ngs between the nagnetisation direction of a given dot and the |ogic
basis. W call the first “absolute direct9on mappi ng' and the second 10
“relative flow mapping' .. In absolute direction mapping, which is

i || ustrated §4Feps guropagation field ¢ iscomymiitiese dPreferably, seriaten fhgARELEYat i on
whi ch determ nes the..logic state. i zont al. chal\ps or ~track porti.ons
magnet i seq. {BHPREN AT TRy o1 B oed s KRA0% MereraB: sl o
track porti ofsuRRODGY. SCHhde iidiRh! i@l &nRlyea) sy! Qattn Qhick®bd¥ bRrine
vertical chains or track portions nmagnetised up the agge are always | ogic
1" and vertigabneti@imatesinl in aclirgmidn papend@nddri wethedplanet dfeppggatioe,
always logic ~0'. The advantage of this systemis that it_is very sinple to
i nterpret5 a tickness pifnadineest tegionsnpieéerablyByanedy begieensd 40 e¥)%oThao1z0

di sadvantage is that two of fhe foyr ssibl.e interconnect. corners also
invert the sP‘@%%i’lagg’sé‘ébq‘t?‘gﬂPﬂ %1')0}1“5&@@1 a$‘1n%‘ r*Y’o‘O(ﬁWﬁp‘fﬂl}?éwPf‘F VL it
is the rel aty [ : 1 ' di L e6d | q fl ow
i rect i on wryCReHael HITBE o R¥oRlihaghe RRc, VREL A0S RFaRu0aR,

al i gned wi t hyfaBRefé G8AIonk | UFGRBIGCTAI9NbY HehRBerd Band 0%, niore 'refdrably | f

t he magneti sation opposes the signal "flow direction, then a Boolean "0
resul ts. Theswdvaniablyel(%. t his systemis that logic states are always

preserved when turning corners (unless a NOT function is explicitly
requi red!Gt the corner - see below). It is therefore very sinple to connect

30 , differepnt 1qggic bliocks together. The di sadyantage of, relative flow
mappi ng i s ﬂWE}g‘%PzFRF %Ngﬁntfv?lﬁc?}%gnﬁgi I%%!LCSS nqlﬁgxpchdleftqqeeol K80ght has
to be given ] i B VRR SR } i itk e .<BGR!

| ogi ¢ stat es?g{: égé g?%gg%ﬁgﬁg%%}srg%{l? nglgrﬁggrggfcsgﬂa éﬁ %lgkgﬂsi)ieﬁtg%s g@cgﬁt. 5
The ar chi t ecpropagdveipdaed Aerwillrise socaninl the fddlsoring edtailed elesaiption, ahsunes

might be desirable in a number of circumstances to enhance coupling between
15  adjacent regions. Anisotropy is preferably introduced by control of shape and
configuration at the magnetic region in question. In the embodiment where
the array of magnetic regions comprises a chain of dots, the said anisotropic
property is achieved in that the dot is elliptical. Anisotropy fields of the order
of 50 to 200 Oe will be suitable for most purposes.
20
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.
According to a further aspect of the invention, a magnetic logic gate for a
magnetic logic circuit comprises at least one element as above described.
25 According to a further aspect of the invention, a magnetic logic circuit
comprises a plurality of suitably designed magnetic logic interconnects and

magnetic logic gates as above described.




relative flow mapping. To change to absolute direction mappi ng does not
change the physical behaviour of a logic system but sinply the :
nonencl am@ e2/41dexd t o describe the logic elenments. 10 (iv) PErgiN/omgut i ng
(a) Straight interconnect The sinplest formof signal routing is through a
straight line conduit, as shown 15 in Figure 4. The symetric nature of the
chain or track neans that solitons propagite equally well both fromleft to
right and fromright to left. (b) Unidiréetional interconnect 20 Unl ess
wired-OR logic is_ being inp]emented, a given |l ength of intergonpect should
only ever hatécerdingte 2 futthergamsst wiytheringgption.ta meensticnlagas devge 18

i nt erconnect _bl ogk, which. only all.o olkto to pass §.n _one di tion is
Luserul tor - eRgua SahRrishE edhe TosdC lPOiRs of BREE diidb g IS
principle i noynidiiechiane! fof ipBsakifP 4t Eogrdibd BADRL fdehBlic fidacOndiynd to
this inventigﬁgbggﬁﬁﬁh#%gﬁrgﬁéggghy ck%ess gra Peﬁ#gﬁég?nﬁosgg on ayn
‘nanodot baseghigdtil8ifletd imtyebe expisegdd. y Pedfemblytthe ahedudrprpeides ot cothslierl i s

then an abrupt rel axation back to the nom nal thickness. As ,the thickness
of the ddis imagnetise fidd doessing efietyyp ofrthdgonsbl fields. operhiig@r ensn a
width gradient js ingo(ied on a copti uc{z)trs .WOI:éL%Z/i. 1.(‘192 8.PCT/ G B111
/115072 t r acRISSISEIHIAPE RrqUueRee micterghle pltgmetings and Agre RICIPRbL FIUNg & ¢ he
wi dth varies_ [ e ' egl . IS..t hen
an abr upt oPLOGEEEIEE AOREAE AR IR GRtofl] LHh il Bk "t
does the enepgignefic 1bgicSelbmeAR. inSacdirdarceswithShe firsNaspret ©f3hd ipvaragat i on
field, as is illustrated in figure 5 centre. But the propagation field is
anal ogous t onfay be asradgeed pe misvide AORt gatesndNGY ggtead NEXT .gatdse apy opatabtd on
field for left to right propagation is_ still relatively | ow because i)f t he
gent | e gthdi epmbingiwn,thsteadaer gy rotheigknewn, loghy gatgsy @geg?etl',wﬁgvﬁé\}@b,e is

hi gh becausei]‘ﬁf_the Stt eep gradi ent associated wth the abrupt thickness
transition. EOHPEF Eonnect thus behaves |ike a diode. A further, nore
useful feature of unidirectional interconnect is that it can be used to

i ncrease the potential energy of a soliton without introducing a

substanti al Therdasdee nmaypfinfiegadomypridd shidabld elsctiisalnmpes aadjori dutputs to
architectural blocks such as 15 fan-out (bel ow) where energy nust be put
into the sysebahledhe sragnstic lagindeviseite ba used in & laspeiciEcHlich as t he
cross-ro{alg (bel ow) where weak coupling at sonme point in the block nust be
conpensated by thicker dots or thicker/w der tracks. A thickness or width
gradient is al i e trd oM, ; : R

uni di rectiona nf%i/{yl?@%uge?d&?oo rgggﬁtéfsgl |ﬁlt(a ngtﬁcegﬁécl‘::t g%‘ﬁwgggl(cc)dellaecfn%nnat ed
line Wien a gossidaficd &fith that@inciples ofafe dfvémidnheilV moiwnbé Yeséribdte This
term nation ex_ﬁeri ences a different nagnetic coupling environnent. In the
case of a chaiil ks wsedddo sillustiateeithe dlevelnpinmertiaet orempder arshiteetuggshdor and

t herefore onl . : . .
elements of the device, such as interconnects and logic gates, in accordance

20  with the principles of the invention, as shown in Figures 2 to 15 where in each
case examples are given for both nanodot and continuous track architectures

(figures subreferred to repectively as a and b).

Reference is made to figures 1 to 16 of the accompanying drawings by way of

25  such illustration, in which:

Figure 1 shows a polar plot showing the locus of the magnetic clock field
vector during one clock period of a clocking field suitable for operating a

device in accordance with the invention;



experiences half the inter-dot coupling of other dots. This makes it
susceptible to soliton nucleation, which |lowers the nucleation field of the
entire chdD2/41492i s therefore inportant to term nate corr PENVGBIIOSER ends
of chains of dots. The sinplest way to do so, according to this invention,
is to introduce anisotropy to WO 02/-41 @2 19 PCT/GBU 1 /f1S072 the

end dot as illustrated in Figure 6a. Wth a continuous |ine a different
architecture is possible, and at the tertd nation the |ine tapers to a
needl e point, as illustrated in Figure 6b. 5 (d) Symretric corner Figure 7

shows the sinplest way in which a signal can be made to turn a corner. A
soliton entegs. the horizontal .chain.or, track .f ] left _and is Lried
o the cor neF TRy A OB RE BhplGaE qkig bradsIF b SRR iR BF oGl

i mredi ately 4o #igi g6 thd fRhcMdR SMsBRitd BbetidiPfh e. The uni axial

ani sotropy on tohe §or nerﬁdotﬁicl)r configuration of Pﬁg%?r ack portion at the
scorner helps carry the magnetic flux around the corner. The dot thicknesses
or track widths are symmetric about the centre of the 15 corner and so

si gnal s f3 owFigywe B shovwes| 3 comduit foléowiaigrtbe pringiplehpErdative dogemappingbinem i f
the sense in which sqlitpn.navigates the cqrner (i.e. clqckw se or

anti - cl ockwi ¥&ych @le%?qci%‘i“b g1¢ F@Fﬁglslfé’%@%%t %#p?lafsalf’itg‘ﬁ C(S’flgkuﬁ'e clock field.
If the two senses are the sane, then no problemoccurs and the signal is
swept around the corner. If the senses are different, however, then the
soliton w || Fhfired shehsecddluit uded o eariihgaBHI0M AR lasstifglitrigRagat e. A given
magnetic | ogic systemw || usually have a single sense of clock field

rotation. This neans in practice that the synmetric corner can only be used

for those corners which are of _the sape sense as the clock, Wien it is
desired 1Q tHigre 2ovhavs @ t%dlé%wfgnm@mecs HEPREY, Al Aower oMy 2

Shown 1 n”Fi gitienizetn et "G U apEEIehe Bt ieel BuGAT T, SN Gysiolet, 1 °
WO

sense to theg&%ﬁg of rotation of the clock field, A soliton
112/ .11-192 [ GBfl1/0OSU72 enters the horizontal conduit fromthe |eft
and is carried to the corner during either phase 1 or 3 of the clock. It

then waits 51:[)%3565811@%d@or@@dﬂy@ﬁnqjﬁmﬂ@mu&‘@rti cal armduring the next
cl ock peri od. t thickness (Figure 8a) or track width (Figure 8b) is

varied ok’ the approach to the corner. The thickness or 5 width gradient on
t he i ncom ngFigure grshowstassyrhmesiod comar;f r om being refl ected during its 5
phase wait. The uni axial anisotropy on the corner dot (Figure 8a)

Figure § shows an asymmetric corner;

20  Figure 9 shows a two-phase fan-out allowing a signal to split to two signals of

opposite phase;

Figure 10 shows a one-phase fan-out allowing a signal to split to two signals
of same phase;

25
Figure 11 shows a cross-road, allowing two signal lines to cross each other in

the same plane;



hel ps carry the magnetic flux around the corner. Signals flow around the
asymetric corner in the opposite sense to the sense of the clock. 10 (f)
2- phase fwaooutstt is frequently necessary to split a si gmalT/GBtimsdno0

i dentical signals, a process known as fan-out'. In magnetic logic, this
means creating two solitons where previously only one existed. Two net hods
are described for doing this. The 15 first is the 2-phase fan-out and is
shown in Figure 9 . A single soliton entgss to the right along the
horizontal arm On the next clock phase a soliton | eaves through the upward
vertical ar mRigiret 1esiedves kin ANBYORNg &8 i$6hiteena8] iiehREd s that ithe khtel Will

cl ockwi se then the first soliton | eaves through the dowward vertical arm.
.Not hi ng happessfodnr theg AN fumictidn pwheie thedclock tfledd fsequentepirase sho2m second
soliton | eaves through the other vertical arm In Figure 9a a thickness
gradient is Eﬁ%\?ieded on the incoming armbefore the fan out. In Figure 9b a
Wi dth gradient is provided on each outgoing arm beyond the fan out for

equi val ent reasons. 25 (g) 1l-phase fan-out If it is desired to have the two
fanned- ou} sqvii%ﬁl@nwmw tHHOAND/ORE g Bf HigR6t i D hrAm bl i ddiBdrse
soliton, then The 1-phase fan-out should be used (Figure 10). The incom ng
soliton is i mmedtiah ebythaptliet gatatwill perfoharthelQR dnnction\@12A1the 1Q&cl2 field

PCT/ GBI I1/0~072 continues propagating during the sanme clock phase. In

Fi gure 10a aSe@ieileadsas shaym ahfigwedi ovi ded on the inconing arm before the
fan out. In Figure 10b a width gradient is provided on each outgoing arm
beyond the fan out for equivalent reasons. 5 (h) Cross-road One of the
maj or advant -aOf i ¢ Qe r L0 \ C l ec i is
(hat 51 gnal [EDe can apgls, @ Q0T RUS" oRAikERlre "(ibpdh) Chif STRbRIbARe T
sinplifies thep@esitgtionnd tiahiagastisatonodiréttions eshichilead o ad isVaval Idpge dot

t hi ckness (Figure 11 a) or track width (Figure 11 b) variations required to
do this. Thestdi¢;ckness gradients in two of the four arns and the particul ar
track width variations are selected to make the device unidirectional. 15
(v) Logic Gates According to this invention as illustrated in the present
exanpl es t hedagwied 5 sho W NOT gatecwhighedso theRs 2 FPMIET; s t he AND/ OR gate and
the second is the NOT gate. 20 (a) AND/OR gate

15  Figure 16 shows examples of exchange coupled magnetic logic element other

than nanodots.

An example mode of operation is first described and is then used to develop
example architectures for practical logic devices in accordance with the

20  invention.
(i) Clocking

According to the example mode of operation used to develop the example
25  architectures hereinafter, a magnetic field is applied to the logic device which
acts both as power supply and as clock. The clock has six different phases per

period; Figure 1 shows these schematically.

In figure 1 is illustrated a polar plot showing the locus of the magnetic clock

30  field vector during one clock period. The field vector begins the period



Figure 12 shows the basic ANDOR gate. It has two inputs and one out put.
The coupling between the two input arns and the output armis such that if
the 25 san@ 0r/éyPE state is presented on the two inputs, tREA/GHEISERAt e
will be transmitted to the output. If the inputs carry different |ogic
states, however, then nothing is transmtted to the output and it retains
its previous state. This al one does not ﬁgnsti tute a useful |ogic function.
The purpose of the strong pul se during phdses 5 and 6 of the clock is to
set the output.of all Jogic gates to . WO U2/1-t92 22 PCT/G B111 /(1;1172
the same knoRRUEH & id"? q%i’@ %riﬁlﬂstl,- thehegproegsge doaratatgi anteclapkwisne

h Yol i . F h ,ogck h i
Boure 1 PhoBuEh ity A, apf find MR ao b hert I6s hOF £ PR ongpy " ' "
i nput st at es sexgaRE AOHkvd @aﬁét§m=&1a§mh§e.i qnt@%séNPitf g@ﬁé %2 large éﬁftt- Chen

Alternatively, if the strong 5 clockK pul se were orien to the

‘t he out put opoidtmgyedlee bofdrd rétardingitc pliadectr. all i nputs states except both
inputs =0, which is the OR function. It is anticipated that the entire
magnetic Yogic chip woul d experience the sane phase 5/6 pul se, suggesting

at first si t hat only. one type of gate can be 10.obtaihed acros chi p.
owever . ¢ hd hecptiases Pt be Aguiod ity o AL G Bos reiatioR oL e mogneas Siokhey On

gate, as shoyp jongEhow ?Lu?\ﬁf A bt dﬂ@éﬁ(ﬁ{]g&ét DGeRPP O firdi CBE L}Jr%.*éﬁégi on,

because the logic basis o he out put arm eén reversed (ass

relative flogon@pRidd 360° |1'Q&iti6n$$ﬁh6%pplié&‘fﬁe?&%hﬁ%ﬂ@ tos\gfqpta StePitARENS
I'n

pul se direction has not. The anbi guous case where the t uts 15 are

di fferent isarmmwmd thedogicaidtwgilc The é’i"tahdlﬁj'l‘plwsbi; introaiyoetailighéromageitindé ng t o
t he Ieft} whi ch generates the OR function. Thus, for the clock sequence of
Fi gure 110 Fi field pubseswbigh iansaRiqgelear lqgg gries tg4beir defmligeonitian.s Boean t he
basic invertin ate. e relatively tight a e.at the top of the gate,
conbi ned wi thet%ﬁgn Jfﬂlgﬁlg}u’eai]?l%ttﬁ%élpo:k wtsh%g%lﬁltﬁé?nsﬁr%f[v@ﬁ?%%'h or the
magneti satio f 1 Hﬁ& . , .

di ver gence. ?‘%(;Lgeq{% oltf(r@geggﬁ’?sf:% 0 ngl%lu g«%ggﬁ%h&%@%c Floﬂ?sgé&l%r 1{5}51?1%%{} ed in

the | ower paatlogic $ftdrhouitle aldockiviisé field seifei wedldt Wofkljudt as siNeLediod he
sanme tinme as performng the inversion, Figure 15 shows the sane device

wi t hout the §eront showidhat thiotdlesk s¢rse is WDy OBipbriedP i2 3héeGEsi@BCI] Spdal
because the inverting nature of the gate, signals flow freely around
corners g% oy E{°§l§ﬁggd?‘?£l?%te€1 ock field rotation sense.

(ii) Architecture Design Process

In the illustrated embodiments, the invention is applied to discrete magnetic
20 regions comprising discreet magnetic nanodots of the type described in
Cowburn and Welland, and to continuous tracks, but as has been noted the
invention is applicable to any means of providing a conduit able to sustain
propagating solitons, whether discreet dots or partially overlapping dots or
continuous tracks where functionally discrete regions are otherwise provided,
25  for example by domain control and the domain wall is in effect the soliton - in
this regard see also Figures 16 and 17. There are three parameters for each dot
which can be varied in the design of an architectural block: the position of the
dot, its thickness and its (uniaxial) anisotropy. For continuous tracks variation
in track width have equivalent effect to variation in thickness, and may be

30  preferred.



(vi) Exchnge Coupl ed Logic 5 The magnetic | ogic system based on nanodots
presented as one exanple in this application and previously described in

t he Cowbw@®0Z4Met | and ref erence assunmes nmagnet ostati ¢ coupCirngpohaosween
magneti c dots. The present invention is not so restricted however, and in
the alternative exploits an 10 alternative nmagnetic |ogic schene which uses
exchange coupling between nanomagneti c el enents. Exchange coupling becones
domi nant once the individual elenents colfe into physical contact with each
other. Figure 16 shows sone of the ways in which 15 the el enents may be
coupled. In Figure 16(a), a chain of abutting generally circular dots is
shown; Figure 16(b) shows connected hexagons; Figure 16(¢) shows the case
.where the i ndNisPHORY fdhditaginaed averasb e vier CORMYISIRG f GFerele dmgnehGous
strip of magnetic terjial. .In thi ase he. i nf.or ion carnyin gQliton
s act ual |y Biedgioby chbeing aerpal 858 ar dfindCiRf oot iy AgnkRy0
-many of the ggchnd egledfish & MekmaflpSKid Bedhé r&mpéesg%gttﬁsraﬁre@ﬁanhﬁ fzed in
ei ther magnetostatic coupled or exchange coupled | 0gic systens. There are

t hree prisnciglisotéshpBafoasis(khown g aedaitde headaliptrod inothis domeanent) and
magnet ostatic coupling. Firstly, the exchange coupling energy density is 25
i ndependent the tatiockfiche, lengthseol majer tagnimossaxesi givesupei siegngteradythgensi ty

depends linearly on thickness. This means that in the case of exchange
coupl i ng, orIEHFORG dERBCRHAL taﬁiaskﬁe@eﬂ%ynﬁﬁﬁm@e @pg?lﬁo&mﬁé@met atic
ef fects such .5Q) i ] i Ani ( L& L. [

u thout - edtloPhoty Hafg st et PLIBY Sade DAL IBTAARLER bbby,
should  VWQ;0Rk ift ¥ radthe RIETOBRHE/ OS1172 therefore be possible to obtain
much larger field separation between the . propagation and nucl eation
fields. ®econdly, there are no small gaps to fabricate in exchange coupl ed

devi ces, nmaking the_ fabrication process sinpler and cheaper. .Thi rdl%{{
exchange coupnawriseliMestenSigloacaleulatinng hayaehesn parformedite; smulgte the

hi ckness, position and .ani sottopy -whi.ch b i ed: width, Thi
that <ol 1 onbwkergiat RdntaCabe ot fouedn Btrtkipi i tapd e Shown
[0 ovariuos Ofaddie RAAHpILS of TRAHCERIIBDILLLAIBLIRIRA fMHeMfexdt 1t R2iohdS! ead

of a thickness gradien variations are nuch easier to fabricate

t han thi ckneSheséalchhiulfiiths hgaé Nthes dbedn Gistd etof abmi-aptingiBe ctheppeoxitibys,and
cost. 10 WO 02/.-~1~92 25 APPENDI X 1 PCT/ GB01 /0aQ72 Bl ock nanmed ock
phaseH~ {50e) thicknesyasoandnerispirepightofi thee dotnsbewnoten gpeledlpdnagio as to

i nt t Term.nated 1inelllPN0S tri 117762680Asymmet

Corner 116 | SRFFSE b, PO 1616435 b1 gHaXITAG o e WCLHIPo R o5 s

roadi, 21782@5%@:@@%%28%&%@ EAHE! #4rml ARUAcHLibS s?itp?o AASRONGT
p = so ld, Hn = soliton

gat e11522567 Iton propagation field, nucl eati on

field. 5 Thenwdkatesn ifielddort édvhearohitectarll BlbetsepressmisdiinseatiomyTi(ival andot
di ameter of 100nm thickness of 10nm and centre-to-centre spaci ng of 135nm
A tenperat ur@)of J98KNINes thet stheedbtarage gnader fiono ParagHeyi @¥isalem)of O8ber enu

cm 3, as_woul d be appropriate for, Permal]l Ni 80Fe20 . .
20 magnetic %PaterQals such as Fe, %ro or N?%la also be used. It will be noticed

that most blocks exhibit propagation fields of <20 Oe and nucleation fields of
>80 Oe. There is thus a wide window in between these two limits in which

the clock field magnitude may be set.

25 In the specific examples of device elements which follow, anisotropy and
thickness values are shown for each architectural block assuming a nominal
dot size of 100nm diameter and 10nm thickness, placed on a mesh of pitch
135nm. Specific implementations of this invention may use different nominal

thicknesses, diameters and spacings in which case the anisotropy and



WO 112/.1192 2b CLAI M5 PCT/ GB01/0sS072 1. A magnetic logic elenent for a

| ogi ¢ device conprising at | east one conduit capable of sustaining and

pr opagat wgoz4meyneti c soliton, wherein the 5 conduit is famtdem/osapt ed by
t he provision of nodes and/or directional changes giving rise to

di scontinuities in soliton propagation energy as a result of which | ogical
functions may be processed. 2. A magnetic logic elenment in accordance with
Claim1 wherein the 10 conduit is so conffgured that the soliton nucleation
field is at |l east twice the soliton propagation field. 3. A magnetic logic
el enent in athidibshcealues rgigkaiim thewfellevmg fwossedticns wosleaeedntd itel d i s
at least three h&ﬂgs the soliton propagation field. 15 4. A magnetic logic
.devi ce in actdp gdwi t h any preceding Caimwherein the soliton

nucl eation field does not exceed ten tinmes the soliton propagation field.
20 5. A magnetic logic element in accordance with Caim4 wherein the
-soliton nucl ﬁylggﬁgbggﬁ is between four and six tinmes the soliton
propagation field.” b. A magnetic logic elenent in accordance with any
precedi ngd cl ai m 25 wherein the magnetic conduit is fornmed as a continuous
track of nagiatistanddrdr Bablean. logicrdagsit of ‘ldgind &0’enentsed ntoadeseribante wi t h
any one of Clains 1 to 5 wherein the magnetic conduit conprises discrete
areas of magawhitectwie ofithe exampiss presanteg ip theeressnbepphicaiory dhgieds n an

bet neen ad] abUn oS BIEABPIES habHER BeiteR P Ao L oL B AR A VD any
di d aj : ei t h j Gt . tob A
mgneti o1 ogs SEORE; Ve U HETEC Ahedhul dibein rEpRine" A 1D T or
10  ‘relative flow mapping’.

In absolute direction mapping, which is illustrated in figure 2, it is the absolute
direction of the magnetisation which determines the logic state. Horizontal
chains or track portions magnetised to the right are always logic ‘1’ and
15 horizontal chains or track portions magnetised to the left are always logic ‘0’.
Similarly, vertical chains or track portions magnetised up the page are always
logic ‘1’ and vertical chains or track portions magnetised down the page are
always logic ‘0°. The advantage of this system is that it is very simple to
interpret a given spin direction in terms Boolean logic states. The
20  disadvantage is that two of the four possible interconnect corners also invert

the signal (see figure 2).

In relative flow mapping (figure 3), it is the relationship between the

magnetisation direction and the signal flow direction which determines the

[N
h

logic state. If the magnetisation is aligned with the signal flow direction , then
a Boolean ‘1’ results. If the magnetisation opposes the signal flow direction,
then a Boolean ‘0’ results. The advantage of this system is that logic states are
always preserved when turning corners (unless a NOT function is explicitly
required at the corner — see below). It is therefore very simple to connect

30 . different logic blocks together. The disadvantage of relative flow mapping is



has a wdth of |ess than 100nm 10 10. A magnetic logic elenment in
accordance with any preceding Caimwherein the track has a thickness of

bet ween Svanz4@4hm 11. A magnetic | ogic el enment in accor 8&REBOWINT2C ai m
10 wherein the track has a thickness of between 5 and 10nm 15 12. A
magnetic logic elenent in accordance with any preceding Claimformed froma
soft magnetic material selected frompernalloy (N 80Fe20) or CoFe. 20 13. A
magnetic logic element in accordance with7any preceding O ai mwherein the
conduit conprises nmagnetic material formed on a non-magnetic substrate. 14.
A magnetic | tigita httbnﬁmugm hag dotetagiven b tihteapretipges gatvangsigh adieci®nwiver ei n
the conduit inclu ast one discontipuity in propagation erg
.thereal ong, Mg C&B% ) &%ﬁé??&? g\efﬁgﬂ@ H%‘Nd%(’é?cflpﬁﬁ%‘t‘st”g?? W§G}1§n
provided in adva e of the discontinuity in a propagation direction,

wher ein magn ‘groperties in the transition zone are adapted to provide a
-gr adual propagatl on energy transition to the discontinuity. WO U2/ ~1~~12
28 PCTI GB01/ 0s072 15. A magnetic logic elenent in accordance with Claim 14
wherei n the Thangchitestuzodeveloptdyfer sieparamples described drdreinafteonssanésat i ons
in thickness of - nmagnetic material of the conduit, variations in w dth of
the conduit, relatdvé flavhengppinge meq’r@ngméo chsalite ditneBionsweppingcdeasenot

rons. 16 chansreep i DeRERRH Of A ISHE 57 el Sl s B G PG Ay
wher ei n the ﬁg&pw aefﬁﬁgg?g\é}ek%% ggacent tha_t variation in so! Iton

pr opagati on ener gy regions of the conduit is of the
order of 5to 20%in the transition zone. 17. A magnetic logic elenment in
accordance with any preceding Caimincluding one or nore discrete nagnetic
regi ons havi (iy) SignaldRoeviing nagnetic 15 properties in the propagation

pl ane. 18. A nmagnetic logic interconnect for a magnetic logic circuit

conpri sing at Ieast one magnetic logic elenment in accordance with any one

of Clains 1 h gtﬁ{lgigyﬁ?"mﬁﬁ%li c logic gate for a magnetic logic
sin

circuit conp

The simplest form of signal routing is through a straight line conduit, as shown
15  in Figure 4. The symmetric nature of the chain or track means that solitons

propagate equally well both from left to right and from right to left.
(b)  Unidirectional interconnect

20  Unless wired-OR logic is being implemented, a given length of interconnect
should only ever have signals flowing one way through it. An architectural
interconnect block which only allows solitons to pass in one direction is
useful for ensuring correct signal routing. Figure 5 shows the basic principle
in unidirectional signal routing in magnetic logic, according to this invention.

25
In figure 5a a thickness gradient is imposed on a nanodot based architecture,
typically at a rate of 1nm per dot. There is then an abrupt relaxation back to
the nominal thickness. As.the thickness of the dots increase, so does the

energy of the soliton. In figure 5b a width gradient is imposed on a continuous



one magnetic logic elenment in accordance with any one of Clains 1 to 17.

20. A magnetic logic circuit conprising a plurality of nagnetic logic 2 5

i nter cow@ors$i4vh accordance with Caim 18 and nagnetic | @¢grGRyaNSE2I n
accordance with Caim19. 21. A magnetic logic circuit in accordance with
Claim 20 further conprising neans for providing a controlled driving
magnetic field. WO 02/.11-192 29 PCT/ G BO1 /0S072 22. A magnetic |logic
device in accordance with C aim 21 whereil® the controlled drivi ng magnetic
field consists of two orthogonal fields operating in a pre-determ ned
sequence as #aek besadharchitetire.nThe trele hay sensdantathiakarst Ryl the vsidih vemed on.
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experiences half the inter-dot coupling of other dots. This makes it susceptible

to soliton nucleation, which lowers the nucleation field of the entire chain. It
is therefore important to terminate correctly loose ends of chains of dots. The

simplest way to do so, according to this invention, is to introduce anisotropy to
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109 () as illustrated in Figure 6b.

5 (d) Symmetric corner

Figure 7 shows the simplest way in which a signal can be made to turn a
corner. A soliton enters the horizontal chain or track from the left and 1is
carried to the corner during either phase 1 or 3 of the clock and then
10 immediately up the vertical arm on the next clock phase. The uniaxial
anisotropy on the corner dot or configuration of the track portion at the corner

helps carry the magnetic flux around the corner.

The dot thicknesses or track widths are symmetric about the centre of the

15  corner and so signals flow equally well in either direction. This can cause a
problem if the sense in which a soliton navigates the corner (i.e. clockwise or
anti-clockwise) is different from the sense of rotation of the clock field. If the
two senses are the same, then no problem occurs and the signal is swept
around the corner. If the senses are different, however, then the soliton will be

20 reflected at the corner and unable to propagate. A given magnetic logic
system will usually have a single sense of clock field rotation. This means in
practice that the symmetric corner can only be used for those corners which
are of the same sense as the clock. When it is desired to turn a corner in the
opposite sense, the asymmetric corner (below) should be used.

25

(e) Asymmetric corner

The asymmetric corner is shown in Figure 8 and is used when a soliton must

flow in the opposite sense to the sense of rotation of the clock field. A soliton
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either phase 1 or 3 of the clock. It then waits 5 phases and is carried down the
vertical arm during the next clock period. Dot thickness (Figure 8a) or track
width (Figure 8b) is varied on the approach to the corner. The thickness or
5  width gradient on the incoming arm prevents the soliton from being reflected
during its 5 phase wait. The uniaxial anisotropy on the corner dot (Figure 8a)
helps carry the magnetic flux around the corner. Signals flow around the

asymmetric corner in the opposite sense to the sense of the clock.
10 (D) 2-phase fan-out

It is frequently necessary to split a signal into two identical signals, a process
known as ‘fan-out’. In magnetic logic, this means creating two solitons where
previously only one existed. Two methods are described for doing this. The
15 first is the 2-phase fan-out and is shown in Figure 9. A single soliton enters to
the right along the horizontal arm. On the next clock phase a soliton leaves
through the upward vertical arm (if the clock rotation sense is anticlockwise; if
it is clockwise then the first soliton leaves through the downward vertical
arm). Nothing happens during the third phase and on the fourth phase a
20  second soliton leaves through the other vertical arm. In Figure 9a a thickness
gradient is provided on the incoming arm before the fan out. In Figure 9b a
width gradient is provided on each outgoing arm beyond the fan out for

equivalent reasons.
25 (g) 1-phase fan-out
If it is desired to have the two fanned-out solitons travelling in the same

direction as the original soliton, then the 1-phase fan-out should be used

(Figure 10). The incoming soliton is immediately split into two channels and
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width gradient is provided on each outgoing arm beyond the fan out for

equivalent reasons.
(h)  Cross-road

One of the major advantages of magnetic logic over conventional
microelectronics is that signal lines can cross each other in the same plane.
10  This greatly simplifies the design and fabrication of devices. Figure 11 shows
the dot thickness (Figure 11a) or track width (Figure 11b) variations required
to do this. The thickness gradients in two of the four arms and the particular

track width variations are selected to make the device unidirectional.
15 (v) Logic Gates

According to this invention as illustrated in the present examples there are two
basic logic gates. The first is the AND/OR gate and the second is the NOT
gate.

(a) AND/OR gate

Figure 12 shows the basic AND/OR gate. It has two inputs and one output.
The coupling between the two input arms and the output arm is such that if the
25 same logic state is presented on the two inputs, then that state will be
transmitted to the output. If the inputs carry different logic states, however,
then nothing is transmitted to the output and it retains its previous state. This
alone does not constitute a useful logic function. The purpose of the strong

pulse during phases 5 and 6 of the clock is to set the output of all logic gates to
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except both inputs =1. This is the AND function. Alternatively, if the strong
5  clock pulse were oriented to the right, then the output of the gate would be

logic 1 for all inputs states except both inputs =0, which is the OR function.

It is anticipated that the entire magnetic logic chip would experience the same
phase 5/6 pulse, suggesting at first sight that only one type of gate can be
10  obtained across a chip. However, this is not the case. If one reverses the
direction of the AND/OR gate, as shown in Figure 13, then it performs the
opposite logic function, because the logic basis of the output arm has been
reversed (assuming relative flow mapping of logic states — see section 0) but
the phase 6 pulse direction has not. The ambiguous case where the two inputs
15 are different is now reset to logic 1 (although still magnetisation pointing to
the left), which generates the OR function. Thus, for the clock sequence of

Figure 1, Figure 13 shows an OR gate.

(b) NOT gate

20
Figure 14 shows the basic inverting gate. The relatively tight angle at the top
of the gate, combined with the uniaxial anisotropy in the top dot prevents the
magnetisation from flowing around the loop, but rather creates a divergence.
This is the source of the inverting function, as illustrated in the lower part of

25  Figure 14.

If it is desired to turn a corner at the same time as performing the inversion,

Figure 15 shows the same device without the second corner. Notice that
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(vi)  Exchange Coupled Logic

The magnetic logic system based on nanodots presented as one example in this
application and previously described in the Cowburn & Welland reference
assumes magnetostatic coupling between magnetic dots. The present
invention is not so restricted however, and in the alternative exploits an
alternative magnetic logic scheme which uses exchange coupling between

nanomagnetic elements.

Exchange coupling becomes dominant once the individual elements come into
physical contact with each other. Figure 16 shows some of the ways in which
the elements may be coupled. In Figure 16(a), a chain of abutting generally
circular dots is shown; Figure 16(b) shows connected hexagons; Figure 16(c)
shows the case where the individual nanomagnets have been smoothed to form
a continuous strip of magnetic material. In this case, the information carrying
soliton is actually a magnetic domain wall. According to this invention, the
many of the architectural blocks described in this document may be used in

either magnetostatic coupled or exchange coupled logic systems.

There are three principle advantages of using exchange coupled logic over
magnetostatic coupling. Firstly, the exchange coupling energy density is
independent of thickness, whereas the magnetostatic coupling energy density
depends linearly on thickness. This means that in the case of exchange
coupling, one can reduce the thickness to minimise spurious magnetostatic
effects such as soliton pinning (a source of high propagation field) without

reducing the coupling strength and hence the nucleation field. It should

10 10

()-

10
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propagation and nucleation fields. Secondly, there are no small gaps to
fabricate in exchange coupled devices, making the fabrication process simpler
and cheaper. Thirdly, exchange coupled devices have a fourth parameter in
5 addition to thickness, position and anisotropy which can be varied: width.
This means that soliton energies can be gradually increased by a width taper
(as shown in variuos of the possible embodiments illustrated in the figures)
instead of a thickness gradient. Lateral variations are much easier to fabricate

than thickness variations, again reducing the fabrication complexity and cost.

10
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Block name Clock | H, (O¢) H, (Oe) | Comments
phase
Straight interconnect 1 0
Unidirectional interconnect
Terminated line 1 1 100
Symmetric corner 1 17 76
2 6 80
Asymmetric corner 1 16 94
2 7 81
2-phase fan out 1 19 104
2 3 73
4 18 73
1-phase fan out 1 22 77
Cross road 1,2 17 82
AND/OR gate 1 0 08 Inputs equal
1 45 Inputs different
2 <0 57
4 100
NOT gate 1 15
2 25 67
3 7 74

H,=soliton propagation field, Hy=soliton nucleation field.

5  The values in the table were calculated assuming a nominal dot diameter of 100nm,
thickness of 10nm and centre-to-centre spacing of 135nm. A temperature of 300K
was assumed and saturation magnetisation of 800 emu cm”, as would be appropriate
for Permalloy (NigoFexo)
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CLAIMS

1. A magnetic logic element for a logic device comprising at least one
conduit capable of sustaining and propagating a magnetic soliton, wherein the
5 conduit is further adapted by the provision of nodes and/or directional changes
giving rise to discontinuities in soliton propagation energy as a result of which

logical functions may be processed.

2. A magnetic logic element in accordance with Claim 1 wherein the
10 conduit is so configured that the soliton nucleation field is at least twice the

soliton propagation field.

3. A magnetic logic element in accordance with Claim 2 wherein the

soliton nucleation field is at least three times the soliton propagation field.

15
4. A magnetic logic device in accordance with any precedng Claim
wherein the soliton nucleation field does not exceed ten times the soliton
propagation field.

20 5. A magnetic logic element in accordance with Claim 4 wherein the

soliton nucleation field is between four and six times the soliton propagation
field.

6. A magnetic logic element in accordance with any preceding claim
25  wherein the magnetic conduit is formed as a continuous track of magnetic

material.

7. A magnetic logic element in accordance with any one of Claims 1 to 5

wherein the magnetic conduit comprises discrete areas of magnetic material,
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spaced in an array at a distance that 1S su to ensure niagnetic

coupling between adjacent areas.

8. A magnetic logic element in accordance with any preceding Claim

wherein the track has a width of less than 200nm.

9. A magnetic logic element in accordance with Claim 8 wherein the track

has a width of less than 100nm.

10. A magnetic logic element in accordance with any preceding Claim

wherein the track has a thickness of between 5 and 20nm.

11. A magnetic logic element in accordance with Claim 10 wherein the

track has a thickness of between 5 and 10nm.

12. A magnetic logic element in accordance with any preceding Claim
formed from a soft magnetic material selected from permalloy (Ni80Fe20) or

CoFe.

13. A magnetic logic element in accordance with any preceding Claim
wherein the conduit comprises magnetic material formed on a non-magnetic

substrate.

14. A magnetic logic element in accordance with any preceding Claim
wherein the conduit includes at least one discontinuity in propagation energy
therealong, at a direction change or node, and a transition zone is provided in
advance of the discontinuity in a propagation direction, wherein magnetic
properties in the transition zone are adapted to provide a gradual propagation

energy transition to the discontinuity.
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18. A magnetic logic interconnect for a magnetic logic circuit comprising
at least one magnetic logic element in accordance with any one of Claims 1 to
17.

20
19. A magnetic logic gate for a magnetic logic circuit comprising at least

one magnetic logic element in accordance with any one of Claims 1 to 17.

20. A magnetic logic circuit comprising a plurality of magnetic logic
25 interconnects in accordance with Claim 18 and magnetic logic gates in

accordance with Claim 19.

21. A magnetic logic circuit in accordance with Claim 20 further

comprising means for providing a controlled driving magnetic field.
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