WD 2004/ 077451 PCT/ GB2004/ 000840 1 MAGNETIC LOG C
SYSTEM The invention relates to the provision of a
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logic 5 system and to a nmagnetic | ogic system and

met hod of operation of such a system i ncor porati ng

the sane." International Patent Application WO 02/41492
descri bed a novel n f o ligital |logic that used
magneti c domai n we Ot 128 C RddiMg al ong 10
l'ithographically defined magnetic conduits. Conduits
wer e described either made from networks of
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electrically conducting matertals 1I's
poadntion neWenkseef mogrejostatically irteraeting Singlcddieain Mirticles,
rising- O{i falling-edges do not need to be explicitly
p‘?r?b%ﬁ|°8’a.m}%“ﬁﬂ% Frop Fadth tracks phipsemagneisgmetesiahe me
in the above 25 reference, in one enbodi nent, a change
in Boolean state is comunicated by transmtting a
Tagnavettichalriitrodkirode Wi t ' Ry
contrast to_ the el ectrﬁggfabg%%%gﬂﬁg&vgv%?(gg%ﬂnéew%n%i %nd
vl lera signetled divf a drighpeoltageg addien low wliage.NgiAthee Bitosed
ct ?,nq S0 rﬁst be. explicitly noved by a force. In
etic logic sc

%ﬁ]&gmagsn eme m the above reference, the two Boolean states are
signalled by the direction of magnetisation 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

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 nanomagnetié logic scheme in the above
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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di sclosure referred to, it was proposed that the force
shoul d come froma CONFI RVATI ON COPY WO 2004/ 077451
PCT/ GB2004/ 000840 s-2 magnetic field which rotates
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for the system Wile the rotating field is very
effective at propelling dormi?n walls, it is
i nconveni ent to have to gen€rate such a field, because
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E&%W Bf CaREY-nvent i on provide a driving system
and nmethod to effect propagation of a magnetic domain
wal | through a ferromagnetic conduit in a nmagnetic
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SsdrRie W ipefibld Yescribed 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.

Embodiments of the invention provide a driving system and method to 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 effect translation of the domain wall along the conduit.

Embodiments of the present invention 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 field.
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alternative to that described in the above reference,
and especially a systemand nethod whi ch does not

[ ve application of a varying magnetic field. WO
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with the invention in a first aspect; there is
provided a driving systemtgq effect propagation of a
magneti ¢ domain wall through™a ferromagnetic conduit,
for exanple in a-logic systemsuch as that descri bed
in the above reference, conprises at |east two

el ectrical contacts adapted to nake el ectri cal
connection with at |east two spaced points on a
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invention is not necessarily limted to any specific
theory, it is considered that the applied electrical
current is effective in propelling magnetic domain
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Whilst the invention is not necessarily limited to any specific theory, it is
considered that the applied electrical current is effective in propelling
magnetic domain walls down continuous tracks of ferromagnetic material by

because of the “spin transfer effect”.

Two very important scientific p"apers outliming this theory in principle were
published in 1996 by Slonczewski (V.C.Slonczewski, J. Magn. Magn. Mater.
159, L1 (1996)) and Berger (L.Berger, Phys. Rev. B 54, 9353 (1996)). Using
slightly different formalisms, each predi_cted 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



passed between two ferromagnetic |ayers, then the
conduction el ectrons should becone spin polarised in
one |l ayer, causing themto exert a torque on the
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torque, because it comes r WD 2004/ 077451
PCT/ GB2004/ 000840 fromthe spin of the conduction
el ectrons being transferred”#romone |ayer to
another. , The first verification of this prediction
wdnn iespim of theocapgueiesr deedtons being( immBfagedr Fom one layer to
D.Cwﬁalph, J. A Katine, R N Louie, RA Buhrman, Science
28801367 (1999)), who succeeded in magnetically
switching one of the two ferromagnetic |ayers
conprising a magnetic spin-valve, sinply by passing an
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In one embodiment of the present invention it is possible to exert a translational
force on a magnetic domain wall by passing an electrical current through it,
through 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 direction
of the electron flow (i. e. opposite to the direction of conventional current flow).

If the domain wall is inside a conduit of width less than 1 um and thickness less
than 50 nm, the current required to move the domain wall may be very small
(typically 1 mA or less). This is to be compared with typically 1A, which is
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the spins in the core of the wall to precess, and the
wall to nove in the direction of the electron flow
(i. e. opposite to the direction of conventional
WO 201457 | ow. If the domain wall is insideTazE2003@B0sk0
of wdth Iess than 1 pm and thickness |less than 50
nm the current required to nove the domain wall may
be very small (typically 1 m® or less). This is to be
~conpared. with typically 1 A which is WO 2004/ 077451

PCT/ GB2004/ 000840 5 the current required to generate
using strip lines of
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with the contacts in place to pass an oscillating
electrlcal current through the ferronmagnetic conduit.
is an advantage that this current can be
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In a further aspect, the invention comprises 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, and a driving system comprising a serial array of electrical
contacts as above described spaced along the length of the conduit or a part
thereof. The con(_iuit 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
- discontinuities in resistance between different adjacent paits. Alternatively the
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contacts as above described spaced al ong the |l ength of
the conduit or a part thereof. The conduit is thus
for exanple one of the conduit structures described

wo bsdmiser nati onal Patent Applicati on WO 024A4dd8R0d4¥8s40
content of which is incorporated herein by reference.
The contacts in the serial array may be evenly spaced,
for exanple to avoid discontinuities in resistance
bet ween different adjacent pairs. Alternatively the WO
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conduit to effect a particular |ogica

© t hetheilike. The at | east two electrical contacts may be
adapted to nmake electrical connection wth at | east
two spaced points along the ferromagnetic conduit and
thus to pass an electrical current al ong the conduit
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(?tln the electrical current source’is adapted
supply oscillating current to each conduit in such

manner that ‘t he supply is phase shifted sequentially
bet ween adj acent nenbers of the array so as to
conplete at | east

In a preferred embodiment, the driving system comprising a serial array of
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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
sequentially between adjacent merbers 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 leé.st three contacts

will be required to complete a 360° cycle.

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 patiern of



a 360 cycle along the said length. It will be seen
that to maintain wunidirectionality of domain wall.
5 ion the phase shift between adjacent cont
ngé?fggﬁ%st be | ess than 180, and that therEfGFE24Y
| east three contacts wll be required to conplete a
360 cycle. A cycle may conprige nore than three
contacts as desired. A plurality of cycles nmay be
conpleted along the said |l ength of an array. \Were a
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and the pattern of WD 2004/077451 PCT/ GB20041000840 7

t hghLphage dghl i vel v al ong. t he sequence of .
the array con%%ﬁpéﬁ%fd;ﬁniﬁé?@%ﬂ% cfoé’gjélﬁt E"BFW q»]aglueved in the
suptesat #eougic h estatil) usenbhe fild Gmt AIQNBL kM i
synchr.onous _cl ocki ngﬁ]t hat were achi evegéia%}ﬁteﬁéewmg??%hr Spm
ar Fansker gepilEonot at i ng magnetic field can al so be

achi eved through spin transfer propulsion. There is
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anpl i tude, frequency and waveform diff only in
phase. For certain applications two or nore supplies
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only in phase. For certain applications two or more supplies of varying
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amplitude and/or frequency and/or waveform might be considered subject to
the proviso that for unidirectionality the phase shift progressively along the
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.

Convenigntly, the foregoing s-equf::ntially phase shified arrangement is
- achieved in that the driving sysiem 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 rmeans ora coml;inaﬁon

thereof), the respective electrical supplies being separately phased. The
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sequence of the array nust be in a single direction.
The el ectrical current source nay be adapted to
provide the required plurality of phase shifted
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foregoi ng sequentially phase shifted arrangenent is
achieved in that the driving systemconprising a

serial array of driving conigacts as above descri bed,
whi ch contacts conprise a plurality of distinct

gr seppricphesingt ie ducinthahthe supgiy tie ghise whiftsd, segaedtially GeBween
conprising gne or nore tontacts with a common
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e, ity of identical synchronised supply
ng%ﬂépg@ﬂ%ng n%?nation t hereof), the respective

el ectrical supplies being separately phased. The WO
2004/ 077451 PCT/ GB2004/ 000840 8 separate phasing is
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three distinct interdigited contact groups, preferably
such that each supply is generally around 120 out of
pThs eomtiduvus traclopieferablyhas 4 hedibaftlestURAS] fimafbre preferably
preferably has a width of Iess than 1m nore

press éhaab?(ﬁ) nngomoges preferably 265 tham 1 Stromeans mbetr prifepatily dops
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manner _described in WO'02/41492. 15 The through

t foserbedsin WO 924149%ack is preferably less than 50 nm
nor e

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
of the track in any given magnetic logic element or device, or may bé 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
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




preferably between 5 and 20. nm Beneath 5 nu, materi al
i nconsi stencies and production difficulties are
likely to be greater. At higher thicknesses power
WOZeMHAAHMSL Wi | | rise. Again, the thickness mRgTABB2004/000840
constant throughout the length 20 of the track in any
gi ven magnetic |l ogic el enment or device, or nay be
varied abruptly or gradualk? to introduce or mtigate

a dj.scontipuity in propagation _energy along the

¢ 0E” sttt gt De PG o alliom dishadenbior dayesdlisposed
f@?g&%@%ﬂ magnetic material 25 such as Permall oy ..

(N ) or CoFe. The nagnetic material of the

conduit may be forned on a substrate. The substrate

Is either an electrical insulator, or has an

insulating barrier |ayer between the bulk material of

the substrate and the conduit. For exanple a WD 200 4 )

/ dna trathsr aspecTpCHEODXEDOOB £20magneticlogic olsgrentfer adggic device
b&otiRies W lelstdng! dohfoiR zg‘ld”ﬂ'r%oé)%{sgéﬁ_ras' Ve dEEARRE Wherein

thereupon. In_ a_ further aspect the invention, a . .
médh EOPeuIt g Mribcermgaptedoby dhe ayPyIsiy i€ enodes ngstd/@ie dlirectional
alchh9astas AN8sifPHLhichabgicdr fticAenSaY BB RScAbQY e
described wherein the Conduit is further adapted by
the provision of nodes and/or directional changes as

a result of which [ogical functions nay be processed.
Ref erences herein to an elenent of a |ogic device or

to a logic device or to an elenent of a logic

circuit, are intended to be read as extending to al
circuit elements or devices which are known in the
Referppoenchiesein o wn element of adogin dewick e tto udogisglevideardd an
S I nyparticul ar devi r circuit elenments_ ., .
s%?‘é%me a }OD&%FF%{» @F%HH@%%?SW Fodias ctensing tq gll circuit
| MGhetts B8 deticad i Chs, ranched
inter connec?g%a%ﬁhu%%%g@{]&a‘tf% ﬁ“o_gél)gg%%%g t§d‘}§ 4P
AlRBctive TR ginbastDEygaheih phrigilar G6visdsl dricifBanlanints %(éj*lected
therefrominclude a plurality of elenents selecte
firosmtbergoup comprising fwfefconnends rigcluding strigltb kitterconnects,

corners, branched interconnects and junctions, and logic gates such as AND,
OR and NOT gates. Logic circuits manufactured therefrom inchude a plurality

of elements selected from some or all of the foregoing in a suitable

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
nodes, junctions and direction changes in the conduit, which will tend to
produce less effective coupling albng__ 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. |




arrangenent in the usual manner. Elenents will be for
exanpl e of the architecture described in international
Pat ent Application WO 02/41492. To produce effective
wo olghgpnnect s and gates, deviation from gddgloosnoosdo
linearity will be necessary through the provision of
nodes, junctions and direction changes in the conduit,

which will tend to produce H0ess effective coupling
along, the track and increase the energy required to
propagate a domain wall. The resultant discontinuity
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n osci | ectrical rent al ohg t
@blﬁ&mﬂal‘tbkﬂtmééwgﬂtth t two points thereon I'n
particular, the nethod may conprise applying an
electrical current along the.conduit at a plurality
of points disposed serially therealong for at |east
' pTanr o peferied ¢mb@dltnenh dlcemethod] cemprisdse applstingo diseidlating

emathod conpr scillatin
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as to conplete at |least a 360 cycle along the said

|adongy the bidiengtief er abl y, the nethod conprises appl ying
an oscillating electrical current along the conduit
at a plurali ty of points di sposed serially thereal ong
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current along the conduit at a plurahty of points disposed serially therealong

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
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.

Herein disclosed is 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. Also
disclosed is a magnetic logic gate for a magnetic logic circuit comprises at least
one element



di stinct groups connected in interdigited fashion,

each contact in a group supplied with an identical

el ectrical supply, and the respective electrical

voupplAamesibei ng separately phased such that the supply

is phase shifted sequentially between adj aB€HEB2004/000840

menbers of the array so as to conplete at | east one

360 cycle per group pattern-rgpeat. For exanple three

separate voltages are applied to three distinct

interdigited contact groups, preferably such that
s,around120 out of phase with the other.
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f netic logic circuit conpris
‘ _elo%]rerglr?tﬁa %’% ‘%é%% %’3@48@W€4’fﬁ@@gmxmmmerem.i In @gh a circuit,

abvegnatieslogichd emiemg ah ROE@AL Iy stem or .
r_rq;éw%graﬁp%ye Odg)scr.i beﬂ tghlg%o&gﬁégéeﬁggt&gﬁg ﬁtf&kﬁ fivention may
t her a1 B Eur ChefOHE (PBs gatass &‘&aﬁ@éﬂtﬁ, NG gates, r s tsuitable

coRprtiBatinn thereef; alri 4y ofhes UdAR! Yogtes) t -
I qg@egcdnﬂg&gconnect s anhyd magneti ¢ ?%gi %ﬁgggtgggg@?%@%esuuable
descri bed incorporating the driving systemor nethod

above described to propagate a domain wall therein. In
such a circuit, magnetic logic elenents in accordance

' fi aspect .of the invention may be
\3??’2 n% Ve, o %’P&?ﬂ‘ RORIEhAr compaiee syitebls, elhficglhimgat and/or

aoytpatsith aRill ' [ thereof . or any other known
| ogi ¢ gat es, etoget%er vlmgé}ﬁdgﬂ]ic?g(bp%us‘?‘ﬁp@r]@mé@ﬁwL
The device or systemmay further conprise suitable
electrical |nput and/or

example of the operation of a the driving system of the mnvention, and of
example magnetic logic devices in accordance with the principles of the

mvention will now be described referring to the accompanying drawings by
way of such illustration, in which:

F_lgure 1 shows an example of the Propagating system of the present invention;
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;

Figure 7 illustrates an example testing the principles of the invention,

Figure 1 shows an example of one parﬁcular case of the preferred condition
wherein three separate voliages are applied to the three distinct contact groups,

-such that each voltage is +120° out of phase with the other two,

! - using
- stnusoidal waveforms,



out puts to enable the magnetic | ogic device to be used
in alarger circuit. An exanple of the operation of a
the driving systemof the invention, and of exanple
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principles of the invention wll now be descrlgeg
referring to the acconpanyi ng drawi ngs by way of such
illustration, in which: Figur2 1 shows an exanpl e of
t he propagati ng system of the present invention;
Figure 2 shows the principles of figure | applied to a

magneti c NOT gate; Fiagilér.es 3 to 6 show simlar
prifechigite Preiaes @ achemadicridustrasign ofd bpegal sub-migonetrack of
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separate voltages are applied to the three distinc
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Welith (6024004 dut of pREQPABRCIRY wA9ERIMAs IRistrated R )hd Rower part

shown within thetrack, wth nagnetisation direction
abf thetfipare.si de 5 thereof being indicated by the arrows
(15). Electrical connections (E) are nmade to the
domain wall conduit, connected in three different

DR 8° pepninrof )it (Vs et Sy SEGEcngs) it ¥ foto
t BentdA 100 is Fhe MBASPOsRIVEY AT 48 Idoﬁmligévﬁltw’térﬁi rg}ggieﬂ%ﬁgrds

in the lower part “of the figure. I nni ng
ofhetriearest cantact pEiype RiheDneing thesecaid edesthivdoof aceycles thie net

ig into . . .
How of electron current is into contact E2, and so domain walls are propeiled

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).

One sees that as long as the contacts are always ordered in the sequence 1-2-3-
I-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-
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

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



contact El (it is the nost positive), and so domain
walls are propelled towards the nearest contact of
type El. During the second one-third of a cycle, the

wo DRt77fow of electron current is into Corﬁ(ﬁ‘t}%nz%%mo@sw
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so domain walls are propelled 15 as far e near est
contact of type E2. During the final one-third of the
cycle, the net flow of eleqsron current is into
contact E3, and so domain walls are propelled as far
adeginfingeadest ertofor abd infbroiation fathway)and @08 sinylel dledtsical
thus propelled laterally along the conduit in general
dickmenti edtldnat hearsr dowmain] Walls 2@l the waseshrongh the fuonigon.
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requi rement that the contacts should be equally
spaced, as |long as they appear topologically in the
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transfer propul sion. Synchronous propul sion using
Kptgdom (Raterdr dgipdichtiarl e@220PQAD. cuAcemtdmgyitol these earlier
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so a single electrical current could not carry domain

veandyitdes bedneshapsd nte aaup (2 hetofpentormdWOT fEctionl es of
such circuits include synchronous counters and ot her
finite-state machines [e.g. as described by B.

LN D AT B e B
coqsrspéltn dematms®alli tBlovgh sueh at N@Tf\@%egﬁg% 21%1?3%1‘111 kedster

in International Patent Application WO and

Wnirteat] according to this invention. During the first one-third of a cycle, the

electron current passes from point El to E2, and so the domain wall is
propelled from the input into the central vertical arm. During the second one-
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 6-bit serial data storage ring in which the domain wall
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
input (1, 12, I3) single magnetic output (O1) MAJORITY gate (see Snider et




Ki ngdom Pat ent Application 0220907.0. According to
these earlier 10 disclosures, a nanomagnetic donain
wal | NOT gate function can be achieved by tw sting

wo 3difeARyei n wal | conduit into the shape Of%@r&éﬁ’z@%@qﬁ’s&oa

topol ogi cal equivalent of it. Figure 2 s
logic elenent, in which the main wall conduit has

" been shaped into a cusp (21)j40 perform NOT functi on.
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15 The figure illustrates how the three el ectrical

can! Rappl. Tkl 85, bes 9} Porefifftionto? NPASORITE fHRNRY me
wal I through such a gate using only spin transfnr

c uthree elecitigat soniastono(43) agaimwithtthe ihre®appligl gtoapfoltages
ORS(-tg'grﬁ of a cycle, the electron current passes

f Adth Yei ?’)'EI to E2, and so the domain wall is
propelled fromthe input into the central vertical

arm During the second one 20 third of a cycle, the
elRigire oft showsen! dofmali ORAIPOdoRBLE2(F1) Eshfigieh %@ BN8-input
domain_ wall is propelled out of the gate. The
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(31) is fornmed into six concatenated NOT-gates (33),
where the electrical connections (35) still appear

t Gk ds cetiobys an dotmeinovedl chbnduiB-(61) duiifigussde 281 APBEhput
than_those shown in figure 2. Fi g[_llJre 4 shows a donain

| gate(epmoctehia gINQE gate, dhe evtput %g&lwhj ig th@ll)_srpéit
B2 e eh neF(0P) WS B TS 1Fpelittia dol oo

1feeds back infP e MRTORIT®paté 208ret LR cal SbnriefibiN irkQRown
of MAJORITY function) with three electrical

ctmperith appliedad)iagesyd I V@, M3).t he three applied group
vol tages (V1, V2, V3). 5 Figure 5 shows a domain wall
conduit (51) configured as a 3-input MAJORITY gate

g% ﬁlg%% ﬁ(g rﬁsrgvg hiYTit qgtp%SSi%\fet t% ltnl%g % %Lr%%{ni iw%ﬁl through spin
transfer, we have fabricated a 100 nm wide, 5 nm thick domain wall conduit
from Permalloy (NigeFey) 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
of the wire, in order to inject a domain wall. A further elecirical 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
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 thr(;ugh the wire. As soon as the current was

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
(61) configured as a 3-input 10 MAJORITY gate

wo sRnpeshed to a NOT gate, the output of whlj.%?pu? /({Bﬁ‘s'lo
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split into 2 parts: one part (02) is the

the function and the other part feeds back into the
MAJORI TY gate. Three electripgal connections are shown
(63), with applied voltages (VI, V2, V3). 15 In order

t @upendiead fidhed theiddnRaswhiDhR tﬁ@wﬂjbﬁ@nﬁth@%ﬁ' ddreltd the end
through spin transfer, we have fabricated a 100 nm
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1{1%%113 ?@m ](i fn wal | conduit (73) was in
the shape of the letter ‘C', and a | arge Permall oy
domain wall injector pad (71) was connected at one end
2(Thef invhetion has teen afeseribedoin magtitulae eritheicferagdel to Aogical
further electrical connection (77% was nmade at the
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conduit at the poi nt. A horizontal magnetic
péans archidectanspvhore a ilogical e oiltep fingtientis bbisingd Fmglpnop@atmg a
fromthe, pad ang .to agat it as _far as the first
cHiagast: Gdﬁﬁ%ﬂﬁﬁ‘@ﬁé WE{&’@? cRomagagiiseiduiiny change,
proving that the domain vvaII 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 magnetic domain wall

eonduit.



5 The invention has been described in particular with
reference to logical architectures suggested in
International Patent Application WD 02/41492. The
woikew@nusion confers particul ar advant ages o&¥GEIBRIRGIsYE
field drivers for such architecture, but it will be
understood that the invention is applicable to any
architecture where a | ogicall®r other function is
obt ai ned by propagating a 10 magnetic domain wal |
laterally along a ferronaghddMS conduit. WO
2004/ 077451 PCT/ GB2004/ 000840 16 CLAIMS 1. A driving
systemto effect propagation of a nagnetic donmain wall

t hy oughy @4 %W i | IS @1, I - 1

el ectri cgpf‘rg{gcr: nt ac?{% "’g%gg?gdﬁa%%&%angg aeﬁ% r |cc§1$1§‘ in- WAl
connecthroughMal ferfimag@stic donbuis pamgdised Git NleistOfw@ electrical
ferromagneti c_conduit, and an electrical current

5 sour cecPwacts adapted tosaske eedtriepl connestion (it attlesst &wid spaced
t hus i e Wwth the contacts.in | ace t ass. an
osei 11 BoRcobh drpmEattd PRatt £ B8RSkl BBRGupuogo
2. A dguptpw Bsoilind BubrenPRIERAS AL i usd Ritl'dhe ¥BREHsn
the electrical current source 1s adapted to supply
osci | | piaceiy pass areodciltating plactrichDeurroht throughthd condig

systemin accordance with claiml1l or claim2 wherein
the electrical current source is adapted to supply

10087 e 0 VR oo TR SeBEE e o
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ferromagnetic el enent fornmed as a continuous trac
magneti c material capable of sustaining and

propagating a domain wall, 20 and a driving system,

c%npr A idlﬁﬁ%zg it i afgorganse e Elancia o elined. hergin the

accor i ecedi ai pacesd al ong the

e A o P B | LB Bl o
15 frequency of oscillation between 1 kHz 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 compﬁsing 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.




5. A conduit in accordance with claim4 wherein the
contacts in the serial 25 array are evenly spaced. 6.
A conduit in accordance with claim4 or claim5

wowieetss t he el ectri cal contacts are di sppéﬁggg,@,mgohﬁw
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conduit so as to supply an electric current to fl
generally in a longitudinal direction along the

conduit. 30 WD 2004/ 077451 PUI/ GB2004/ 000840 17 7. A
conduit in accordance with one of clains 4 to 6

whér ei rA@antﬁliUimi aabwganccovlﬂame efoinisskete Gawheretraetch drmng

menber .transv across_the track or
part tf?é’Pf?ﬁ GSA 998 mc ber siending feansygrs Y@ﬁ@séﬂhe
clai ms %r the electrical current source

is adapted to sup y OSC|IIat|ng current to each
contact in the array in such manner that the supply

is phase shifted sequentially between adjacent
er & gpndufidn apeasgance wath ang of @iqmmeeéo Ftwhereinttheeld6@ical

cycl e along the sa A conduit in
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t he sama53 an%iolt%deIﬁ rlequencyglzljprﬁgy @h orm ?%g??%aguy
only i hequnadj_a&é.iltﬁfbmb%rsmﬂtﬂelatray@o actoatongilee aMdakt a 360°
claim8 qgr claim9 wherein the contacts in the serial
array %ﬁ%ﬁlpgéﬂ!f%ﬂflﬂﬁ%thty of distinct groups

connected in interdigited fashion, each group
conprising one or nore cont acts vvith a conmon

ebect r AC@IndaH AR dbcortififee’ ViR ﬁrthg% cﬂhﬁ% Eﬁﬁent
bei ng separately phased such t at t e supply 1s ase
shi f t eshipplsgdentachl tontRD inetiwe sequedpa daist theeshirs sarpflitude,

the arfay so as,to conplete. at | east one
8 uency and Wavefonnz? differing only in phase.

10. A conduit in accordance with claim 8 or claim 9 wherein the contacts in
the serial array comprise a plurality of distinct groups connected in

| mterdigited 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
between adjacent members of the array so as to complete at Ieast 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
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.




3600 cycle per group pattern repeat. 11. A conduit in

accordance with claim 10 wherein the el ectrical

current source is adapted to supply three separate

wopbmgedssuppl i es to three 25 distinct inte¢giaidfeoso

contact groups. 12. A conduit in accordance with claim
11 wherein each supply is generally around 120 out of
phase with the other tws. WI®004/077451

PCT/ GB20041000840 18 13. A conduit in accordance wth
onk3.of féu&nﬂf@ﬂ@ta&cqxﬂamemﬁhnonmf daintsi Auoud2twhekin the
has a w di.h of 14 Acondwtln
accordaﬁ‘?@‘gn‘bﬂ‘?ﬁr g‘ﬁﬁ w’r@lﬂbi’ sythan 148 wherei n t he
through 5 thickness of the track is |less than 50 nu.
15. A conduit in accordance with one of clains 4 to 14
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froma soft magnetic material such as Pernal

( Ni 8OFdlEcmess oGbearack s 1ew than Sgmet i c | ogi ¢ el emant
for a logic device conprising at | east one conduit
and driving systemin accordance with one of clains 4

tasls, A %ﬁdtﬁt i %B@orﬂﬁﬁguévftg: Snel YF téri%fu aﬂ%t 4 Wer&ﬂethe

provi sion of nodes and/or recti anges as

resul t nmgnm e:‘ldsmbrﬂg aregprefetudly foneedfaym Beofilthagnetic matenal
processe A net hod of propagatl ng a magnetic

donai nSuGkIas Fﬁﬁ@lﬂj’l{l‘h OFedP) emfaefiet i ¢ condui t
conprising the step of applylng an oscillating
el ectrical current along the conduit bet ween at | east

1! poA%ﬁgﬂe’ﬁ%ﬁSﬁi% elexﬁ@ntli%r a ?cf‘&é‘ﬁ&g C&Bpﬁlflﬁ.g@t]lgast one

conprising applying an electri current’ a
conduit and driving system in accordance with one of claims 4 to 15,

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.

17. 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.

18.  The method of claim 17 comprising applying an electrical current along
- the conduit at a plurality -of points disposed serially therealoﬁg for at
least part of the length thereof.

19. - 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.

20.  The method of claim 19 wherein an oscillating electrical current is

supplied along the conduit at a plurality of points disposed serially



the conduit at a plurality of points disposed serially
therealong for at |east part of the |l ength thereof.
25 19. The nethod of claim 18 wherein the el ectrical

woSHipoRRd, supply is phase shifted sequentila(hl,%mg&t,dﬁ@sq@
e at
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| east a 360 cycle along the said length. 20. The
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