0 O O

WO 02/41492 A1l

14 April 2005

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Burean

(43) International Publication Date

23 May 2002 (23.05.2002) PCT

ARG R EXER DAV

(10) International Pebfication Number

WO 02/41492 Al

(51) International Patent Classification”™  HO3IK 19/18, (72) Inventor; and
GOSN 1400 (75) Inventor/Applicant (for US only): COWBURN, Russell,

(21) International Application Number: PCT/GB01/05072

{22) International Filing Date:
19 November 2001 (19.11.2001)

Paul [GB/GB]; Univemity of Durham, Department of
Physics, Rochester Building, Science Laboratories, South
Road, Darham DH1 3LE (GB).

(74) Agent: NOVAGRAAF PATENTS LIMITED; The Cres-

cent, 54 Blossom Street, York Y024 1AP (GB).

(25) Filing Language: English (21} Designated States (nationalj: AE, AG, AL, AM, AT, AU,

{26) Publication Language: English

{30) Priority Data:
- 00280925 17 November 2000 (17.11.20000 GB

(71) Applicant (for ail designated States except US): EAST-
GATE INVESTMENTS LIMITED [—/—]; Cedar

AZ,.BA,BB,BG, BR,BY, BZ, CA, CH,CN, CO,CR, CU,
CZ,DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JF, K3, KG, KF, KR, KZ, L.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ,NO, NZ, OM, PH, PL, PT, RO, RU, 8D, SE, SG,
8L, SK, SL, TI, T™™, TR, TT, TZ, UA, UG, US, UZ, VN,
YU, ZA, ZM, ZW.

House, 41 Cedar Avenue, P.O. Box HM 1179, Hamilton, (84) Designated States (regional): ARIPO patent (GH, GM,

HM-EX Bermuda (BM).

KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
[Continued on next page]

(54) Title: MAGNETIC LOGIC ELEMENTS

1 [nverting cornar

o QOCE®EE
@ L[]
®
® a
OOOICIY;
— @
@ 0
®
Sigal o ~— @@@@@@@@\

No-inverting comer

s

Invemag carner

4 p Inverting comer
&

—-—I'( —aitsrviare P

Signal in

Everting corner

.y

Inverting comer

e ——
Signal out ‘ \

0 Non-inverting curner

(57) Abstract: A magnetic logic element for a logic de-
vice is described formed by at least one conduit capa-
ble of sustaining and propagating a magnetic soliton, the
conduit being adapted by the provision of nodes and/or
directional changes giving rise to discontinuities in soli-
ton proparation energy as a result of which logical func-
tions may be processed. Magnetic logic devices such as
interconnects and gates, and magnetic logic circuits in-
corporating such devices and suitable operational fields,
are also described.




Title: MAGNETIC LOG C ELEMENTS Abstract: A magnetic IAdygird 2802nment for a

| ogi c device is described fornmed by at | east one conduit capa- ble of
sust ai ning and propagating a magnetic soliton, the conduit being adapted by
t he provision of nodes and/or directional changes glVlng rise to
discontinuities in soli [ : i | ogi cal
func- ' ; ) connects
and. gates, and magnetic logic circuits i n- corporating such devi ces and

sui t abl R Fadit Aon&d, 8Y k@ kel s, rale, Tﬁb, SO d@ﬁt@ 728 bcﬂﬁjﬂon of the time limit for amemizt;b‘}heApr il
2005 W\ODuORnpLAORT, PCTHEBOE D60 21. FRL  MAGNET lafg 1 G pEiidbidEMEINTES: of receipt of

GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent amendments

(BF, B], CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR,

NE, SN, TD, TG).

For two-letter codes and other abbreviations, refer fo the "Guid-
Published: ance Notes on Codes and Abbreviations" appearing at the begin-
—  with international search report ning of each regular issue of the PCT Gazelite.




The invention relates to the provision of |ogic el endhéapril 3003 ogi ¢ devi ces
and - logic circuitry using the properties of magnetic quantum cel |l ul ar
automata, 5 and in particular to an architecture for the design of such

| ogi c nts and devices and for the design and i f logic
ci rcui ﬁbég%?i“%g such el enments. The nunber of trans?@(?ésm@%”g m crochi p

has doubl ed every 18 nonths for the 10 past 30 years, a phenonenon known
as 'Moore's Law . Fundanental physical phenonena associated with small

particles make this exponential growtth increasingly difficult to sustain
One option already being considered by the sem conductor nenory industry

IS to incorporate nanomreMAGNEEC hod@1€l EELEMENESc] es (' nanomagnets') into
m croel ectroni c devices. A conputer system 15 requires not only nenory,

however, but also the ability to process information, the latter usually
bei ng achi gyed_t hr.ough_el ect.roni c | o0qi.¢ devj ces ew device architecture
nas. been prijhduisigt feadeh B s Wb BsioR 3t odiE HofBhis fr IR BGHSHcad o
perform | oghge feppsitly Oingd B SobGAbd ﬁfﬁ:ﬁgﬁéﬁb’ e 21k ladifhataiCi ence Vol
287 pp 1466-@468).h¥hese so?@gt)l ed magnétic Hltﬁantum cel l'ul ar automat a
(MQCA) devianésn plufieulaptt emtichitbouré FpOMB desiga vfudghbogic eletegisatidon density
than conventional mcroel ectronics while onli/ dissipating a fraction of
the power . 99%ices, @ndrafon dhe desigg; and wRERHIY ¥ l9gie FICHIEh ¥SIRET BIC8nce

descri bed %feh%}ﬁ?s of magnetic nanodots and uses magnhetic solitons to carry
I nformati on. fmagnetic soliton is sinply a sem -abrupt and nobil e
transition fromone magnetisation direction to another. There are two

i nportant &aramaters associ ated with any conponent of such a_nagnetic
| ogi ¢ syst dite nhimbersefitrangistocOnFs RNeTeidp haxotonbler eyery 18 apoths\igy e/ 41492

PCT/ GBq %)/ O%QSZE%O years, a phenomenon known as ‘Moore’s Law’. Fundamental physical
phenomena associated with small particles make this exponential growth
increasingly difficult to sustain. One option already being considered by the
senﬁconductor memory indusiry is to incorporate nanometre sized magnetic
particles (‘nanomagnets’) into microelectronic devices. A computer system

15 requires not only memory, however, but also the ability to process

information, the latter usually being achieved through electronic logic devices.

A new device architecture has been proposed constructed from nanomagnets
which could be used to perform logic functions magnetically (Cow‘éum and
20 Welland, Science Vol 287 pp 1466-1468). These so-called magnetic quantum
cellular automata (MQCA) devices offer potentially 40,000 times higher
integration density than conventional microelectronics while only dissipating a

fraction of the power.

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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2 propagation field and its soliton nucleation field4Amd280%iton
propagation field is the strength of magnetic field which nust be applied
to nove the soliton freely through the |ogic conponent. It is a neasure of

t
the resjstance to notion which the soliton experien nd_is. anal ogous
to (sta |co?ﬂ]f4§7 ction in 5 mechanical systens. The sofﬁ?ﬁgﬁmﬁaog?eation field

Is the strength of magnetic field which nust be applied to create
spontaneously a pair of solitons in a |ogic conponent. Such spontaneous
creation is undesirable as it |l eads t® an erroneous |logic state being
generated. Soliton nucleation is analogous to electrical break-down in

el ectroni ¢ peosigetien fidld and its g6iétbn fRgationdidl 0Tl sddivircsropdpation iale a
propagation field very close to zero (solitons propagate conpletely freely

wi t hout anys thessteanghicel megnasici figld whichimaisi/es gppliegHormevectheisotitdn el d (errors
are very diffjcult create). Th I.gure of rit for any real magnetic

| ogi ¢ corrpéﬁag tt%f‘glg%' eff’olg-& . é’B‘Eﬁﬁa{"ﬁlgﬁ%eéf‘gﬁgé’ eflﬁt@n%ﬂgﬁ{??ﬁ?npropagapion
field and Rughieahk Osblftd! dkpefidncBd SindPgs I%l_ﬁl%%@ﬁse t O(sitR Yiricloffegnetic field
whi ch is strong enough to propagate existing solitons t hout erroneously
nucl eat Sng meehampa systeins. | Thegelitanhmiclpation éeldeisihe sieengtlopfgapnaic and

nucl eation fields, the greater, the distributiqn in manufacturing tolerances
that the d K@f?ﬂ&&nw@ﬂ?%@!ﬁdﬂe CFenle) SREHAISOUHY A PHE F sPbigRe Meévices it is

hecessary tl(f’%i\g?ééﬁb&ﬁ)en% @u@ﬁ%ﬁ%ﬁ%neoﬁga E%hﬁ(ﬁ% }st'th@e%'i)arblé he itilgécﬁkté nects and

| ogi c gates are requi 0 evice. 'l wbum and

Vel | and rekabesne 19gicl stafesbae ggm@aa@tat Sslitor Inablaifor ingkalbgoush@ devi ce by
coupl i ng between the adjacent discrete magnetic 25 regi ons conprised by

magnet i ¢ né&lestisakbreglidpwn in plectranig sysiedtsessary to propagate solitons in a
strai g% line is relatively small, changes in direction,
An ideal magnetic logic device would have a propagation field very close to
zero {solitons propagate completely freely without any resistance to motion)
and a very high nucleation field (errors are very difficult to create). The figure
of merit for any real magnetic logic component is the field separation between
15  the soliton propagation field and nucleation field: it must be possible to apply
a magnetic field which is strong enough to propagate existing solitons without
erroneously nucleating new ones. The larger the gap between the propagation
and nucleation fields, 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




junctions, and logic gates will result in poorer couptifilB8@een adjacent
solitons. The resulting energy discontinuity necessitates higher
propagation fields, reducing the gap between the propagation and the

nucl eation fields, and 14 April 2005 3 leading to the problens above
described. The discontinuities were3 exacerbated by the di scontinuous
structure of the MXAs in the reference paper. An enbodi nent of the
present invention seeks to provide an architecture for magnetic |logic

element s phafel 991 helbnemtn il dRIBIRES THE ARBRARIEEN whbe Propagali on
and the nucledtion fi €l

ds to mtigate the above problens. According to one

aspect of eldderbiafedseyithd BisestitinQous sth@heeiot tAE MQUERG @ MRUREIéMee | 07i C
el enent for a |ogic device conprising at |east one conduit capabl e of

sust ai ni npapend propagati ng a nmagnetic soliton, wherein the conduit is
further adapted by the provision of nodes and/or directional changes
giving rise to discontinuities in soliton propagation energy as a result

f which l[ogigal,. f ti ,_be . d. |I. mbodi t of th
nvent | on FThegient o bt ProT WY BR GRS 8 HPYHe REBEHIY. The nodes
i nve e _ G B ° ¥, The no
ascont raneiegs P RABLED! b1 PRoc Y albitGUt S M Phes can be

expl oi t edihdprdpagati dndIRe infeldkioR FOR elmlitoai MdWesvd fiBbleR@l cal functions
desired. For -thi's to be possible, the nagnetic conduit should substantially

be capable of both supporting the soliton and of allowing it to propagate.
The magnetic properties of the conduit should be such that, and

accor di nghgeordiag o aukiagpeeicof the preseniiricentipmtthereis proyidedtaakegnstiace. For
effective funﬁtioni g, {t_iahtherefore preferable for the soliton

pr opagat i 9RICt FEPEnt 97 elogicyrigec spmpmsing aks leppapneagndutt capable of

sustaining and propagating a magnetic soliton, wherein the 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.

In one embodiment of the invention, a magnetic soliton is propagated along the
conduit. The nodes and/or corners incorporated into the conduit structure may
give rise to discontinuities in propagation energy, and these discontinuities can
be exploited as the soliton is propagated to produce the logical functions
desired.

For this to be possible, the magnetic conduit should substantially be capable of
both supporting the soliton and of allowing it to propagate. The magnetic
properties of the conduit should be such that, and accordingly the conduit so
configured that, this can take place. For effective functioning, it is therefore
preferable 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.




spont aneous soliton nucleation field. In particular, WWAPEADS on nucl eati on
field should be at |east twice and nore preferably at | east three tines
the soliton propagation field to produce an industrially viable device. 14
April 2005 4 Wil st the consideration of soliton propagation al one nay not
pl ace an upper Ilimt on this ratio4it will be seen fromthe exanpl es
given below that there are circunstances where it is desirable, by
application of a large field, to reset <certain |ogic devices such as

gat es. Fomkil mefwm_@idb@ﬂpnbh@olﬁteﬁ@&%da@méﬂ 8bfle ik &€ HRE Yn RS 1o exceed
the soliton nucleation field.” Accordingly, for such "devicesS; it is

pref er abl &mitent thiswatigoit Wil e wernl feerhitbmerangiles gloasbaloy tatdlead ateen tines the
soliton propagation field, apd referred range is |ljkely to be four to
six ti rres."lr?”ﬁ"g%?i@e%%’ﬁfﬁ ?’Fe‘ﬁtafi,‘]aS’f"ra?égiWcéPFHW’é‘Pq 8 ao@@nﬁé@y&ﬂ@%nt inuities
in the fo des.: r Lt Rl . Ul i f ns that the
| ogi cal Pbeh Jogi? devitls Sidh vy Batht. | Porn i Suff A che S%St%ﬁlr“é BER hat ¢ he

magneti ¢ brderabkl sswdRto bx&@ed the OING htdétioh Feld PdbidthplR BAERHOr an
i nterconnect, with no need for a distinction between, for exanple, the

seni condufeBeespittie preferable thatddeisolitaanaucleation dighp dpesofiotaexceeditant  whi ch ni ght
be used ip_conventional syste | n, anot her. enbodi t, .t condui t
ef fect i veﬁg}lef @}Wﬁq%pragqgéﬁgr} %1%{‘?’ ehd preferrgiapgRs I{LI??B' tﬂé’\?ir}gﬁr Werely through

t he changgs tinkksPr opagati on 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 sone
f unct i onalti ene ¢émbodimant, the incorprwpany af ewergy disaontingites iia tixoformcf. | n
accordance with an enbodi nent of .the present inventi t he changes in
i r o6t | on et oR SRS B Erbl GRS P [PEHE MSRAPDFes peci 1|
|ogic T uibdarnGich Weoidlit sBubtiR, SRRl the bl BeicNREAEiSiscl N CONt rast
Wi e paper

comprises, for example, a gate or an interconnect, with no need for a

distinction between, for example, the semiconductor material of a device and

the copper of a conduit which might be used in conventional systems.

In another embodiment, 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 in relation to propagation of a magnetic soliton. In
accordance with an embodiment of 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, an embodiment of the present invention also makes the surprising
and significant realisation that it is not necessary to create discrete magnetic
regions of material (nanodots) to form the conduit in order to generate and

sustain a soliton.

In accordance with an embodiment of the present invention, the magnetic
conduit merely needs to have an architecture capable of sustaining and

propagating a magnetic




referred to, an enbodi nent of the present invention d#s\¥rit@Res the
surprising and significant realisation that it is not necessary to create
di screte magnetic regions of material (nanodots) to formthe conduit in

or der t‘gpggglﬁéza_te and sustain a soliton. In accor dgﬁ%ﬁw\ﬁéhg‘),’?n enbodi nent

of the I nvention, the magnetic conduit ner o0 have an
architecture capabl e of sustaining and propagating a magnetic 14 Apri
2005 WO 02/ 41492 PCT/ GB01/05072 5 soliton. Such an architecture may
conprise discrete magnetic regions, & sem -continuous nagnetic regions,
or a continuous track of magnetic material. Thus the magnetic conduit may

take the fegolitonf Sudcuetaechiteaar oy maieist AisdretoBhsgnett ,re@iggg;aﬁ i n an array
at a distance that is sufficiently small_ to ensure nmagnetic coupling

bet ween adpéieeAntipersmagustic s3eens) o a eandinuens tzack pdmagaeirpmpiedala chai n of

di screte dots of magnetic material, such as is described in the Cowburn
and Wl | and reference, which dots nay have a circul ar shape, an elliptical

shape or aIﬁﬁNﬁé“ﬁfa'g&éﬁct&%H&i@frnaﬁAtaﬁ«Q!tﬂct ffm! &F 8iBérSteCASR diSmbiiic! Or med 10 by
t he magnetic polarisation discontinuity between two adj acent areas. Such

areas efipl oiaterimhppetasinadn arrgoeipd idistante tHadds bufffiateatlp sopHgatdnsmeof t he
solitons. Alterpati V?,l y,, the magnetic condyit may conprise magnetic areas

whi ch abut MA3gRES CorR ’QEbIEﬁ’iWE‘?n 8 E?Fnééreélﬁutf‘i’fne‘%‘éﬂﬁe%c AEap®¥ such as
noxagons o fuprd A BRIEIn! ARG K fu RN by a0 ™™C 2 2

cont i nuous magneti c ma ctl orm ng propagation

zones for exabentaurdynd $Wdlland refedendd) vhidnduthmay heed 4 cReuldrshbpgag | ast two
cases magnetic exchange coupling between functionally (but not materially)

di scret e reliiptiel shans aria comhination dhwreefi iAo solittnén thid ¢asors thus fumedf ect the
donai n 1§ | iay ¥ nh ertl%%%?éar}sgﬁonahiggo%ﬁnuity between two adjacent areas. Such

areas exploit magnetostatic coupling to facilitate propagation of the solitons.

Alternatively, the magnetic conduit may comprise magnetic areas which abut

their neighbours, such as abutting geometric shapes such as hexagons etc.

15  Alternatively, the magnetic conduit may be formed as a continuous track of
‘magnetic material, effectively forming propagation zones for example by
control of the domain structure. In these last two cases magnetic exchange

- - coupling between functionally (but not materially) discrete regions facilitates
propagation. The soliton is in effect the domain wall as it propagates along

20 the frack of magnetic material. Combinations of the foregoing may be

employed.

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




20 the track of magnetic material. Conbinations of tHé4wHeg8%ng may be
enpl oyed. For many applications, a continuous track is to be particularly

preferred. |Indeed, provided a continuous track architecture can be nade
sui tabl g for e 25 mai ntenance and propagation of sglitons_in accordance
wi t h th@oion@lé‘%{]i on, it is likely to be preferred an@éﬁégﬁﬁ%the poi nt of

ease of fabrication. Such a track preferably has a wdth of |ess than
200nm nore preferably less than 150nm and nost preferably | ess than
100nm The track width within any 14 gpril 2005 WO 02/ 41492 PCT/ GB01/ 05072
6 given magnetic logic elenent may be constant, or may be varied abruptly

or gradualdiyen hBgnetis A6k &ldrien® MOFUSECRktah) ofnidydisd eaﬁeddab?@lﬁgﬁ guity in
propagation and energy within the magnetic | ogic el enents. The t hrough
t hi ckness graduaBy.tfonexenple fo prodneeinto ptigate a dbcanfiindtyrimpropagationpr ef er abl y
bet ween 5 ang 10nm .@;laaﬁ*%ath 5 ma er‘iaugl I nconsi stencies and production
di fficul ti SSCSPEEY WENS, 6”%%‘6631@&%% CmSve 10nm power demands will ri se.
Agai n, the thickness nay be constant throughout the length of the track in
~any given magnetic logic elenent or device, or may be varied abruptly 10 or
gr adual 15y tThei thtough dbiekwess miftthgabek & plefecabiy betwicey 5 and2@pagabieon ener gy
along the track,. In the alternative, the_ conduit, nmay caonprise an array of

dots of magheerably batves apnd Hup, E@@nqaﬁsSWqﬁaém@oﬂstmw es or |ess,
Formed 1 oRtetid? SHEBORES AR LRdy kB8 erfilf, IRChdrkn o ReRlog) or “oore
20 The magrallisemed @i ahe @hickites 6RPDG donsay: heoubRbuEMe Wheth sPRRt rate, for
track in any given maguetic logic element or device, or may be varied abruptly
10 or gradually to introduce or mitigate a discontinuity in propagation energy

along the track.

In the alternative, the conduit may comprise an array of dots of magnetic
material. Each dot has a width of 200 nanometres or less, preferably 100

15  nanometres or less.

The magnetic elements are preferably formed from a soft magnetic material
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




exanpl e of ‘a material such as silicon. References herddiArril@08h el enent 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 all circuit 25 elenents or devices

whi ch in the art as necessary to nmake up f | ve
| ogi c-g@ 3@1]121 stem in particular devices or circui ?p%]flgépéﬁ%g&sel ect ed

fromthe group conprising interconnects including straight interconnects,

corners, branched interconnects and junctions, and | ogic gates such as AND,
OR and NOT gates. Logic circuits manyfactured therefrominclude a plurality
14 April 2005 WO 02/41492 PCT/ GBOLl/ 05072 7 of elements selected from sone

or all of bheléMeasodef@todn idms bmabbe alRlof afhgeiRedoing) ih he sigtdBle manner.
Ref erence herein to propagation energy is to the energy required to

pr opagat e afamgeswint inothe nhiabmghnea. magneti ¢ conduit as above described. It
wi || be appreciated that in a continuous track of constant configuration
and thickness, or in a linear array of nagnetic regions of identical

properties ' arr f; ' same
ot or 1 ol - Belte il td HEgkaqth ithel s ERRSHEEYIBRACAIS pRoaki® DA L he
ener gy fecgssdityn ttarquphdaicraglefie ciondeit 15 mbgnetdescribedpl ilhowilletbeeen t he

adj acent regions, will be generally constant. To produce effective
i nt er connedByeeiptgd dhatdn a cortinuans Backk eplosanstent eqnfigpratign jand thigkness,pe necessary

t hrough the, prowision of .nodes. juncti L i changes in the
conaut 1 il B e WPyt BAER bR L8ePALaRbEE offh 1T R0 g e
track or bgiyeenmAghdicSinofdsofifleSaaR hhteriflasoe BpYucike aAd thitlarsgase 15 the
energy required to propagate a soliton. Reférencé hefein to a discontinuity
i n propagatheopropagatpn eergyy eing sho rnengyi ngeesmage de groduceaefifaitivg f r om such
non- lipnearity which s utili sﬂ?d I,.n accor.dance, V\gth thtiz1 present invention
in | ogﬂQz magnetic coupling between the adjacent regions, will be generally constant.
' 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
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 discontinuity
in propagation energy is to a discontinuity necessarily arising from such non-
linearity which is utilised in accordance with the present invention in logic

interconnects and gates and the like.

20 .Such discontinuities would be expected to result in significant energy barriers
to the propagation of a soliton across the discontinuity. Propagation energies
would necessarily rise significantly, resulting in a smaller gap between
propagation and nucleation energies. In exireme 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




I nterconnects and gates and the |ike. 20 Such di sconti #2985 woul d be
expected to result in significant energy barriers to the propagation of a
soliton across the discontinuity. Propagation energies would necessarily

rise sigiyhlg@pt!y, resulting in a snaller gap betwegam;?(;l @,gation and
nucl eation energies. In extrene cases there m ght be & "tendency for stray

nucl eation events to occur, and to therefore produce 25 nagnetic breakdown
in the logic device. If necessary this can be addressed in one enbodi nent
of the invention in that a transitign zone is provided. In this enbodi nent
the conduit includes at |east one discontinuity in propagation energy

t her eal ongnodd, aaddi trewdifi@Nz@eais grodded th Adianbe DGR MBI H2 a
PCT/ GB01/ 05072 8 node, and a transition zone is provided in advance of the

di scont i nuPtgpags#ion dipgcbipaguherein wrgnstic ipsepertidsandhe trangjtien zengpateperties in

the transition zone are ., adapted o provi.de a gradual .propagati on energy
transiti onagacpt?‘%e% Fre¥ght ianlﬁﬂicﬁ'f'ﬂt SPI}I()’Ha Afon gﬁ%gﬂi ﬁ@ﬂ?l}p‘m{‘ h® efffect of the
di scont i nuiglsfodifiych m ni m sed by provision of a transition zone in
advance of the distontinuity, at least in the desired propagation
directi®dn, which decreases the gradient of the energy msmatch between any
two adj acent magneti ¢ regions_by spreading.the energqy 10 m smatch over
several suglh thig, mepdy theeghiach jof dhe Klscpatinuilyalsi BRCH maninppRd byr opagat i on
energy in . ' | eed RQI r.ai: . i Ch VL0 give
sufficient bgﬁles\é%{/& %%ﬁ%gggg?% @hée 815 oﬁleg‘f‘%"ﬁg“?‘#& @g;\eggﬁn t(%l%er the

ener gy bar destried hgbp@earion Nlirebien, adhiok edtbreas@ Mo sgradibgt b ¢hePbndgyr ansi ti on

zone reduces the maxi mum energy msnmatch at any given point I'n the
approach t gismatch between any two adjacent magnetic regions by spreading the energy
10  mismatch over several such regions. This exploits the realisation that the
propagation energy in the working device need only be raised sufﬁoienﬂy 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 solifon 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 fracks are employed, provided

the difference between propagation and nucleation energy is kept sufficiently




15 the discontinuity and thus reduces the propagati od4éwed g905 mai ntai ning a
| arge -effective gap between propagati on and nucl eati on energy and

mnimsing the 1likelihood of undesired nucleation events. The skilled

. person w.l adi |y appreciate those non-linear scenar.i .n_which 20
reducedwbp%éégﬁve coupling and consequent i ncreases fipéﬁ%%%ﬁﬁtion ener gy
are likely to arise. These will include direction changes, cross-overs and

fan-outs in interconnects, and junctions and other functional regions in
| ogic gates. If the discontinuitiesgat these points are so great relative
to the difference between soliton propagation and soliton nucleation
energy Mayhighask he B&enCfduatC@HE aNvsisRRh! Sihe SeFtYeSthe! MiSEbnkiRGitPRVI Si on of a
transition zone mght be desirable. In practice, this is found to rise in
part i cul ar piopagatioatenengy tformoashbiutiesnode onpoinei wijl aotrlzeysecedsardi, stxcet e magneti c
nanodot s. wever, .in.the jQrit f, jnstances, and..in partjcular where
conti nuousﬁ’lgrpé a%%ﬁﬂﬁﬂﬁagg'gﬁ be)g‘bt&f”d’%to nropagaierthe sditeagaisiden

pr opagat i og;.a04: i : } J Ci y 14 April 2005 WO

02/ 41492 PCI B0 %g@éﬁt&ﬁnﬁlﬂgE@?EWEE%%%%&%S%%%& a transition zone
before $he discontinuity in propagation energy forned by the node or
corner will not be necessary, since the propagation field itself will be
suf fi ci ent Iiatrgstivagane is previsstiit may he pdapied teeprovide @redusli pA§FEW t hout
running the risk of str nucl eatjon events. If a,transition zone is

r ovi ded | FEHREPILBY Rty oo uidtslyitke meegsl pte R ohghees RPYi on by
variation QfrJiafdess fhiges"Be @Eéﬁecaﬁ@kéﬁﬁ@ratfbh()@ﬂtﬁd BhgREtiPYhatetl | ation of
features of shape and configuration of The nagnetic material between al ong
t he condui betwken abingypthe ciongyit.t o dimplieity, dhiselattert el@nativenischoucliO pref erred.

In such a transition zone in advance of the discontinuity, a nunber of
10 preterred.

p

In such a transition zone in advance of the discontinuify, a number of
alternatives may be used separately or in combination to produce the gradual
variation in propagation energy. In the case of discrete magnetic areas, such
15 as nanodots, variations in spacing, size and thickness in a direction
perpendicular to a propagation plane may be employed. Preferably, adjacent
magnetic regions in the transition zone provide a gradual energy transition in
advance of the discontinuity by means of a gradual variation in thickness in a
direction perpendicular to the propagation plane. Increases in thickness
20  increase the energy of the soliton. Where partially-overlapping magnetic areas
are employed, variations in any of the foregoing or in degree of overlap may
be contemplated. Where continuous magnetic tracks are employed, the
thickness of the track may be varied in a direction perpendicular to the plane
of propagation, or frack width may be varied. In this case, preferably adjacent
25 regions in a transition zone are adapted to provide a gradual energy transition

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




alternatives may be used separately or in conbinatioﬂ4#H“B?89%ce t he
gradual variation in propagation energy. In the case of discrete magnetic
areas, such 15 as nanodots, variations in spacing, size and thickness in a
direction perpendicular to a propagation plane my be enpl oyed.
Preferably, adjacent nagnetic regidhs in the transition zone provide a
gradual energy transition in advance of the discontinuity by neans of a
gradual variation in thickness in a direction perpendicular to the

Pr opagat i g skt CASESsBrkLI0C TReRbl/ICIAARER e BORKAY Of the

soliton. Werep y-overl appi ng magnetic “areas are enployed,

vari at i OngetizRer A¥jaént trBBiohP i€ IPHToEr SNoURDY, CBreirally ub@Rndiy be
contenpl at ed. Where confi nuous magnetic tracks are enployed, the thickness

of the tragkndBl0%e Whéreedhariation i hefiévednbpevarging titlalesd @ft e pl ane of
propagation, or track wwdth may be varied. In this case, preferably

adj acent fRhgney onteriah ia at dissction iperpendicalanite tlad plahe dftopagatiotle a gr adual
energy transition by gradual variation in track width. Wder tracks wll
~inpart hi thicknessnef giliesent Thgionx praferabllyy vdrg tyr hetsicen dnte @§¥ormors a trade of f
between the desire to keep transitional |lengths small to nmaxim se device
density, Biséerey sybsipptiallyoargyisd §0%4 SipHanly, 2pltse roriatiene issaghivysdgat i on fi el d

discontinuities, Preferably, variation in energy .between adjacent regions
s of 1 hePYvaAton ‘{fo‘L?O%?tLrPr & SATERPOUSSAgkt afefftfl%m}wa@ﬁda Adiagets Wher e

variation is achi eved by.varying thickness_of .the nagnetic material in a
di recti on™p&t gnr&glgaﬁé)ggfp@%[%ga Ié\’hé’e{;‘feeﬁr%ﬁﬁﬁz#’l/brﬁm RicC#Al¥s of adj acent
regi ons p wary by between 5 to 20% nore preferably substantially
ar ound 10%%%2%%1414%1r {E/l where variation is achieved by variation of the

wi dth of a continuous track, wi dths applicable to adjacent magnetic
regi ons preferably vary by between 5 and 20% nore preferably

subst ant i Bl battali ¥mbodiments, the magnetic logic element includes one or more
discrete magnetic regions having anisotropic magnetic properties in the
propagation plane. As will be seen in the following detailed description, this
might be desirable in a number of circumstances to enhance coupling between
adjacent regions. Anisotropy is preferably introduced by control of shape and
configuration at the magﬁetic 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.

According to another embodiment of the invention, a magnetic logic
interconnect for a magnetic logic circuit comprises at least one element as
above described. According to another embodiment of the invention, a
magnetic logic gate for a magnetic logic circuit comprises at least one element
- as above described. According to another embodiment of the invention, a
magnetic logic circuit comprises a plurality of suitably designed magnetic logic

interconnects and magnetic logic gates as above described.




In certain enbodiments, the magnetic |ogic el enent iA#AMR20Ghe or nore

di screte magnetic regi ons having ani sotropi c magnetic properties in the
propagation plane. As will be seen in the follow ng detail ed description,
this mght be desirable in a nunber of circunstances to enhance coupling
bet ween adjacent regions. Anisotrody is preferably introduced by control
of shape and configuration at the magnetic region in question. In the
enbodi ment where the array of magnetic regions conprises a chain of dots,

the said A@i:c?r@ﬁ‘%QQiaﬁotthré?ﬂ%cﬁﬂieﬁt%f%ﬁ@irf%ﬁ’@oﬂ 2| rh&%&;ﬁé id@dvidsise! 1 ptical.
Ani sotropy fields of the order of 50 to 200 Ce 'l be suitable for nost

pur poses. prieided dofprisingangineae 1@Id elbnieatt asofbolyB &lesdibed tahd Furtliermagnet i ¢
logic interconnect for a nagnetic logic circuit conprises at |east one

el ement asompriring nekess rfob eehvidiog or dpnigolied drivinpenagetiodiglénAngf t he
invention, a wgfhaglneti c. logic gate for a magnetic lqQgic circuit conprises at
| east oneSwieBlselield may be)sWdsagsd chrehawbly.Abe gremnp grovidesb comtrollefbodi nent  of

the i ti . ti.c. | oqgi [ I t i l. it f i tabl

desi gned WRERGET DG R iRt o AN LRI GREE OPFBRIRE i Bs as above
- describedyredde bl s&ﬁgg’celére@&%ié ‘éllt&ﬂaﬁr%, AN e l%?g}&ﬂgMiﬂ%E the .
i-nvention, a nmagnetic |ogft device Is ovi ded gonprl i ng gnetic logic

el enent s ésclahe\fRIdas &rddkeviansr hvti-tldekwise UiRLiicd. Mg SRRANS déwEe,provi ding a
controlled driving nmagnetic field. Any suitable field nmay be envi saged.

Pr ef er abl magndiie logiargdempents ind eccoadanontwithl the dirsthvaspeett ofctheiisvahtioonsi sti ng of
two orthogonal fields operati nﬁ in a redet erm ned sequence, preferable
al t er nat i Mgy brirapgede topprovideBR gafesy ﬁﬂ\%@ gatesc NGk pates, fang| gitlhlea cl ockwi se

or anti-clockwi,se direction. In such a device, nagnetic |pgi.c elenents in
accor danc® “E“P'Potnhtg‘e‘fef’ S a&’é’p‘étg?r g‘?‘“”t”hé"g‘%\g@ﬁf’i tﬁﬁetgﬁra 1 e*uggt?lﬁnged to
provi de B9k G8ets AND gates, NOT gates, any sui tabl e

The device may further comprise suitable electrical input and/or outputs to

enable the magnetic logic device to be used in a larger circuit.

An example of the operation of a magnetic logic device logic device in
accordance with an embodiment of the invention will now be described. This
- will be used to illustrate the development of example architectures for
elements of the device, such as interconnects and logic gates, in accordance
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

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;




conbi nati on thereof, or any other known | ogic gates, 1140@@11@@95Wth sui tabl e
i nterconnects. The device may further conprise suitable electrical input
and/or outputs to enable the magnetic logic device to be used in a |arger

cifcuit npl e of the operation of a magnetic | ggj e logic
devi ce iwr?bdag?égr dance with an enbodi nent of the inveg |I§ﬁﬁil\?\'}\é+7? now be

described. This wll be used to illustrate the devel opnent of exanple
architectures for elenments of the device, such as interconnects and |ogic
- gates, in accordance wth the princidples of the invention, as shown in
Figures 2 to 15 where in each case exanples are given for both nanodot and
continuous track architectures (figures subreferred to repectively as a

and b). Referenge is e to figures tg 16 of the accaonpanying draw ngs
by way of w&%gﬁh@‘i{ﬁs&?%ﬁﬁﬂ 1ot et or ﬁweglﬁ@fe&t SREORS o eAdHItp] ot showi ng
the | ocus e [ Y ing one clock period of a
cl ocki ng f?‘éﬁ"é‘ﬂ‘g%ﬁ’?tgg?éh%&ggg?%’!‘ﬁ%g’r%“\ﬁ%gg%?g%n accordance with the
invention; 14 April 2005 WO 02/41492 PCT/ GBOL/ 05072 12 Figure 2 shows the
Bool ean logic states for the different sections of a conduit according to
the prifici g@ge dshawso renduitcfollewingdhe pripgipleg of mlgivedl®y stppingdncondui t
follow ng the i gciples of relative fl ow mappi in i ch the Bool ean

| ogi ¢ stat &’T‘f@%%ﬁg?lg?ﬂ fo C sigtp Isp(iﬂnﬁttagt artﬁﬁ/ﬂjﬂﬁ%ﬁlﬁﬂ%f’?r?d“glngur e 4 shows a
conduit used for carrying solitons in a straight line; 10 Figure 5 shows a

uni directional interconnect (upper and lower) with a schematic graph of
t he sol it oRigaret ghovas dandp@asakior bargtinghsdlitensiinbetraightbed; (centre);

10 Figure 5 shows a unidirectional interconnect (upper and lower) with a
schematic graph of the soliton energy as it passes through the interconnect

(centre);

Figure 6 shows a correctly terminated conduit;

15
Figure 7 shows a symmetric corner;

Figure 8 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;




Figure 6 shows a correctly terninated conduit; 15 Fi d&r@rit28¢owns a
symmetric corner; 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; FEi 0 shows a one-phase fan-out all ow ng i o split to
two si gﬁgﬁ’gﬁﬁ% sanme phase; 25 Figure 11 shows a cr oggﬂ;%ﬁg%m |l owi ng two
signal lines to cross each other in the sanme plane; 14 April 2005 WO

02/ 41492 PCT/ GB01/ 05072 13 Figure 12 shows an AND/ OR gate architecture,
arranged so that the gate will perfggmthe AND function when the clock
field sequence is as shown in Figurée 1; Figure 13 shows the AND/ OR gate of

flouwre 12 #3099 dhbis W ANISHAL Bhte sl BGklc BrrfiicliB indtifie Bk Swif | | pet Form

the OR function when sequénce as sho igure 1;

Fi gure 14 sgbrfosn ahdNAND afosctivne hihte dchel chek Uilé rspquonde ds sshhowhia 10
representation of the magnetisation directions which [ead to an inverted

| ogi c st a®é8uElgure 15 shows a NOT gate which also turns a coner; 15
Figure 16 shows exanpl es of exchange coupl ed magnetic | ogic el ement other
t han nanodots. An exanple node of operation is first described and is then

used tosdevghp® 13 shows the AND/OR gate of figure 12 arranged in the reverse
' direction so that the gate will perform the OR function when the clock field

sequence is as shown in Figure 1;

Figure 14 shows a NOT gate architecture (upper) and a schematic
10  representation of the magnetisation directions which lead to an inverted logic

state;

Figure 15 shows a NOT gate which also turns a corner;

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 1nvention.
(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




exanple architectures for practical |ogic devices i n 14 da%te with the

20 invention. (1) docking According to the exanple node of operation used
to devel op the exanple 25 architectures hereinafter, a nagnetic field is
applie | ogi ¢ device which acts both as power éﬁﬁ%“ d as cl ock.
The clgg%%ﬁggggix di fferent phases per period, Figd?e %ﬁgﬁg t hese
schematically. In figure 1 is illustrated a polar plot show ng the | ocus of
the magnetic clock 30 field vector during one clock period. The field
vector begins the period 14 April 200% WO 02/ 41492 PCT/ GBOL/ 05072 14
pointing to the right at phase 1.' It then proceeds to rotate

ant i - cl ockposdingttorthagighplabghase2]. It tlemdprbcesdd ib hetatdanticclookwiver e it
started at phase 5. These phases aJ | have .constant nagnitude. In phase 6
it junps téﬁauglaplgaéefr f%an%giaﬁéﬁ@haa{t%wﬁ@mdwm@mjmmgitEhﬁfﬁase 1. The
phases can B?W ' i . ti tati of e, magnetic field
or as di sc? e@%%gﬂﬁ%ﬁ&;&%&%@g@g@ |'ogltpki§h%%héeﬂn@%tpg hae1 é]erget@f our phases
consti t ut epainiag valedkifoddredfminbgo plapkiled field and serve to propagate
solitons around the logic network. The 5th and 6 h phases introduce a

hi gher fmagnitude 10 field pul se which is used to clear logic gates to their
default copdition. It,can.. he.seen fromFiqgure.l that the cl has a

dof { ni o saREEhGRs o5 b Aehlied BisheE 3R 2 ooBEhuf Fuign of Pepiagie® &un  n i gur e
1 this sengg ab Sigdts jhPS §¥inSne BlriHOUIB the RO Th NS ﬂ&l}yg hised cl ockw se
field sense woul d mo#k Just as mel%. gectioneQ?ii aﬁ%l show t hat the clock
sense is vesnstiwtaricdhirotation Gfthd @pplisl Béldsngnatve td propighienglitinecks and

| ogic gates. (ii) Architecture Dtgmé;nthPr ocess ‘
' around the logic network. The 5" and 6™ phases introduce a higher magnitude

10  field pulse which is used to clear logic gates to their defaulf condition. ¥t can
be seen from Figure 1 that the clock has a definite sense of rotation. For the
sequence of directions shown in Figure 1 this sense is anti-clockwise, although
a logic system with a clockwise field sense would work just as well. Section
(1) will show that the clock sense is very important in the design of signal

15  routing blocks and logic gates. -

(ii) Architecture Design Process

In the illustrated embodiments, the invention is applied to discrete magnetic

20 régions 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.




In the illustrated enbodi nents, the invention is appllteril@0@fscrete
magnetic 20 regions conprising discreet magneti ¢ nanodots of the type
described in Cowburn and Welland, and to continuous tracks, but as has been
noted th jnyention is applicable to any neans of providin conduit able
to sustg?)ﬁn)“ﬁ%pagati ng solitons, whether discreet d%@b'gqlfog"ﬁt lally
over |l appi ng dots or continuous tracks where functionally discrete regions
are ot herw se provided, 25 for exanple by domain control and the donain
wall is in effect the soliton - in {fis regard see also Figures 16 and 17.
There are three paraneters for each dot which can be varied in the design
of an architectural block: the position of the dot, its thickness and its
(uni axi al) ani sotropy. For continuous tracks variation in track w dth have
equi val ent Aafsbizopy toan Visr ivatied in ianrdahi dekivessomprisingraljsciste mB4gnetief erred. 14
April 2005 WD 02/41492 PCT/ GB01/.05072_ 15 Anisotropy.can he varied in a
real devi ceanodaisriysinrgdusings amall dagrae of ellirHgifibtpohe npipinally gl ng a sl

d f elli.pticit h |.pal Lk ” ' i f th
oy or - ai st i esion, 3 b GBS ob Bl Bles MR CubBER AAEL O000) LTS
(shown &as aiglakplCabe ade dsifnmos d dodbil edded UFBR! th tBi3doctment) ahdo of the

I engths of major to m nor axes gives the strength of the anisotropy
(expr essedthasratin efhiheolengihy of imedjdr tominpm axesi giveo cherstiength Af thel | ipticity
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descri bed figldé hiethe eaigetofa08 et i ons.
10
Numerical Monte Carlo calculations have been performed to simulate the
propagation and nucleation of solitons at room temperature in each of the
nanodot examples of architectural blocks described in the next two sections.
These calculations have then been used to semi-optimise the positions,
15 thicknesses and anisotropies of the dots shown for each block so as to
minimise the propagation field and to maximise the nucleation field.
Appendix 1 summarises the results from the calculations of propagation and
nucleation fields for each architectural blocks presented in sections (iv) and
(v)  assuming that the dots arc made from Permalloy (NiggFep). Other
20 magnetic materials such as Fe, Co or Ni may 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 clements 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




These cal cul ations have then been used to seni-opti nildeARHE08dsi ti ons, 15
t hi cknesses and ani sotropi es of the dots shown for each block so as to
m nim se the propagation field and to maxi mi se the nucleation field.

Appendiwobagi4sareri ses the results fromthe cal cul atigRscpfioffPPagation and
nucl eation fields for each architectural blocks presented in sections (iv)

and (v) assuming that the dots are made from Permal | oy (N 80Fe20). O her
20 magnetic materials such as Fe, Co or Ni may al so be used. It will be
noticed that nost bl ocks exhibit pribpagation fields of <20 Ce and

nucl eation fields of >80 Ce. There is thus a w de wi ndow i n between these
two |imitsthickneks ohlues fgival ackhé ifellawinggivwd se@iomywnddseded @5ben t he

speci fic exanpl es of device elenments which follow, anisotropy and

t hi ckness ?FQHEE fedr e shown for each architectural block assunmi ng a nom nal
dot size of 100nm di ameter and 10nm t hi ckness, placed on a nesh of pitch
135nm Specific inplenmentations of this invention may use different nom nal
t hi cknessedii) Hogitdiagiss and spaci ngs in which case the ani sotropy and 14
April 2005 WO 02/41492 PCT/ GBOL/ 05072 16 thickness values given in the

followiig two sections woul d need to be recalculated. (iii) Logic basis 5
‘The st andaite Btasdarsh Boolgas lpgisi basistof 117 angh ‘0°0is npsedusredescsibeetheri be t he

architecture, of 'the anpl e resented .n the presenf. application. There
G two poSIEESRITHE AGLTRIEt ARSI S GRS BNGAIe T BB of a gi ven
dot and t | s %ﬁ,}g 3 JdAbsSR ' [ mappi ng'
and the se@gon 6&%6 H@E}inggsl ve ?Aoﬂvhi/ena p%\%ﬁ%ﬂ h'd% ﬂéneﬁt afid

the logic basis. We call the first ‘absolute direction mapping’ and the second

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 frack 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 tracic portions magnetised up the page are always
logic ‘1’ and vertical chains or frack 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
25 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




In absol ute direction mapping, which is illustrated ilAAWMgEPR 2, it is the
absolute direction of the magnetisation which determnes the |ogic state.
Horizontal chains or track portions nagnetised to the right are al ways
logic "I' and 15 horizontal chains or track portions_magnetised to the left
are al QMY F c v. Sinmilarly, vertical chains or tYE&REREY? ons

magneti sed up the page are always logic "1' and vertical chains or track
portions nmagneti sed down the page are always logic V. The advantage of
this systemis that it is very sinple,to interpret a given spin direction
in terns Boolean logic states. The 20 di sadvantage is that two of the four
possi bl e i I.C I 3 i I i e 2). In
relative f%\?van%ggﬁﬁguﬁ irﬁg%?"e%@ew Xﬁé&wéﬁ%ﬁ I onsg)%l?gﬁ%(]:et{o%e%eln t he
nmagnet i sat ks G BIda@ o@D diatdsaths bighdl fidw aitedionasist alRo bBitddndsioer m nes the
25 logic state. If the magnetisation is aligned with the signal flow
direction acedush a Boolean "1' results. If the nmagnetisation opposes the
signal flow direction, then a Boolean "0' results. The advantage of this
systemis that logic states are always preserved when turning corners
(uniesssa MR kRl dolclBad fof thd Yxarh B IdbEAINRA HelindiRE SfumesSee bel ow).
It is therefore very sinple to connect 30 . different |ogic blocks

t oget her. Tdlativt Sedvmappige. Ofo cleinge ity ebfdloty disguiion gnappirgydégsr ndt 2005 WO
02/ 41492 PCT/ GBQA /05072 17 that a_little thought h to be _given to

i nterpreti fpngedhe physiga heleﬁwc&répfahogl%sysmn@t&mﬂasgﬁeewmw ®states; the

signal flo i i t: taken into account. 5 The architecture
devel oped W%%@%L%r%?gog@e%@?‘? jed hereinafter assunes relative flow
mappi ng. To change to absolute direction mappi ng does not change the

physi cal behaviour of a logic system but sinply the nonmencl ature
10  (iv) Signal Routing

(a)  Straight interconnect

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 Ieft.

(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.he thickness of the dois increase, so does the

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




used to describe the logic elenents. 10 (iv) Signal RAARHFPR) Straight
I nterconnect The sinplest formof signal routing is through a straight |ine
conduit, as shown 15 in Figure 4. The symretric nature of the chain or

track ppt solitons propagate equally well ft to right
414
and frgﬁnﬁp@g t toleft. (b) Unidirectional i nterconne@{ég(gmﬁl ?ess w red- OR

|l ogic is being inplenmented, a given |length of interconnect should only
ever have signals flowi ng one way through it. An architectural

interconnect block which only allowsi8olitons to pass in one direction is
useful for ensuring correct signal routing. Figure 5 shows the basic

princi pl e tiaeck biediatehitectoral Tl tgrokhas cotistang thicknewoing theewldigivariesaccor di ng to
this invention. 25 In figure 5a a thickness gradient js |nposed on a

nanodot ba¥&th drséaﬂcﬁef@tmuoe ?I}'Fﬁ%lﬁ?lalﬁylt Sifegt. r ané?f‘?)flS thed gBrataeRt There is
th b | hi ck
oo o bl B e 3Py BB6y) el AR 9B DA ALERSSS: o e 11 Elness

wi dth gradi |og; HeBfigsmd on a continuous 14 April 2005 WO 02/41492

PCT/ GB01/ 05 track based architecture. The track has constant
t hi ckness but the width varies wth distance to produce an equival ent

CTeCt o e L LICD v, Sbil [l axaidon backyfo e ol v n, e
e nen et BRI RGeS THke o Bl gppcent o Bt
energy gradient. The propagation field for left to right propagation is still
relatively low because of the gentle gradient. The propagation field for right

10  to left, however, is high because of the steep gradient associated with the
abrupt thickness transition. The interconnect thus behaves like a diode. A
further, more useful feature of unidirectional interconnect is that it can be used
to increase the potential energy of a soliton without introducing a substantial
increase in propagation field. This is necessary in architectural blocks such as

15 fan-out (below) where energy must be put into the system to form a second
soliton, or in blocks such as the cross-road (below) where weak coupling at
some point in the block must be compensated by thicker dots or thicker/wider
tracks. A thickness or width gradient is also used in the asymmetric corner
(below) where unidirectionality is used to prevent soliton reflection.

20

(¢) Terminated line

When a conduit terminates, the region in the vicinity of the termination
experiences a different magnetic coupling environment, In the case of a chain
25 of dots, the end dot only has one nearest neighbour and therefore only
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




energy gradient. The propagation field for left to rilgAprih28Pagation is
still relatively | ow because of the gentle gradient. The propagation field
for right 10 to left, however, is high because of the steep gradient

associ ith the abrupt thickness transition. The,|] nect thus
Bl ARG

behaves & di ode. A further, nore useful featu rectional
interconnect is that it can be used to increase the potential energy of a
soliton without introducing a substantial increase in propagation field.
This is necessary in architectural bjgocks such as 15 fan-out (bel ow) where
energy must be put into the systemto forma second soliton, or in blocks

such o L NGRCERE ol GARLBARDHY FYAR 'SPl SOURMIBtie PRSI |1 (e

bl ock nust be conpensate er tracks. A

t hi ckness architectinR igposditdetand at the sarntisatwnithe litctapary nore heddie pontier  (bel ow)
where unidirectionality is used to prevent soliton reflection. 20 (e)

Ter ni nat ed as ilwstratad i Bigesfthii t terminates, the region in the vicinity of
the term nation experiences a different nagnetic coupling environnment. In
the case of a chain 25 of dots, the end dot only has one nearest nei ghbour
and thegef gie oSynimewi@esimRACes hal f the inter-dot coupling of other dots.
This nmakes 'I't susceptible to soliton nucleation, which | owers the

nucl eation field of the entire chain. It is therefore inportant to

termnate corregtly | opse.ends of chains of,dois. The i mpl est way to do
S0, accor APHTE d SRS (A ERPIETYAY & FHSE Stk 64 RF AR By 214 Apr i |
2005 WO 02/ 92, PCE : h ! in Figure
6a. Wth acé%ﬁ'i%%lfgﬁéo%%ée&gﬂéﬁoﬁg?%ﬁt &agr?%ﬁﬁ?&ecléf%?% t?lgg%%gagliagilse, and at
“the term nairied tohthel tortet dpeng eitheraphasedl eorpdi oft the alock ldndstheat ed in

Figure 6b. ) i o
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 cornet and so signals flow equally well in either direction. This can cause a
problem if the sense in which a soliton navigates the comer {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 comer and unable to propagate. A given magnetic logic
gsystem 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

(&) Asymmetric corner

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

flow in the opposite sense 1o the sense of rotation of the clock field. A soliton




5 (d) Symmetric corner Figure 7 shows the sinplest wd¢ AmildAdTh a signal
can be nmade to turn a corner. A soliton enters the horizontal chain or
track fromthe left and is <carried to the corner during either phase 1 or

3 of t. and then 10 i medi ately up the vertic t he next

cl ock Bﬁg@%&ﬂﬁhe uni axi al ani sotropy on the corner l%‘%3':(&E)ollw)o%)g%figuration of
the track portion at the corner helps carry the magnetic flux around the
corner. The dot thicknesses or track widths are symetric about the centre

of the 15 comer and so signals flowegqually well in either direction. This
can cause a problemif the sense in which a soliton navigates the corner

(i.e. cloclemiefethe horigdttil- cin@o# \fonethel 18ft @hd fieceritd o eiv ddpgersdtimimg of rotation
of the clock field. If the two senses are the sane, then no problem occurs

and t he si githdr pheseshvepi of thewlonk. dhither viartep phades apdisseamisskdayrethgi f f er ent |
however, then. the soliton wil] .be 20.reflected at the c r .angd unable to
‘propagate. Y Pl %ﬁaﬁe@*&l‘eﬁ)ﬂf@( p% e‘#ﬁeﬂlﬁ’#ﬂ?ﬁéﬁ}w ﬁagevoé tgacgi ngl e sense
of clock fighdl g8)"is JaHeR SEP B apiofoack 8 e sGnbNathetfRKAYETERL i ¢ coner
can only be use or t’hose corners Ich are of the sane sense as the

cl ock. Yhemwiith gradielesinrthe itconiing arm poevente thd solitére fronpbeisg reflestedse, t he

asymetric caoner (below) should be used. 25 (%%y%Asy tric co$ ner The
asymmet ri c deeRgEs Siphasenwaih T he pigkiakargsoieny o8 e ednahdt (Bigss $8on nust

flowin th |t . f rotail t l@ack field. A
soliton 14%@?%?‘%6@%%%@ M§§°@@Fﬁ’&®ﬁ%so % ﬁ)(;ev‘rrltaclg‘r?us]ﬁitﬁlg hori zont al
condui t fr egrhdietric@binepttihb dppévite isetbe t@tHeRense@f i@y cldtl.i ng ei ther phase 1
or 3 of the clock. It then waits 5 phases and is carried down the

16 (f)  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




vertical armduring the next clock period. Dot thickddsr{lR0ghre 8a) or
track wdth (Figure 8b) is varied on the approach to the corner. The
t hi ckness or 5 width gradient on the incom ng armprevents the soliton from

bei ng rﬁ'fglt‘ﬁﬂfgg during its 5 phase wait. The uni aX|l§>lJ:Té§%d %%’% opy on the

cor ner i'gure 8a) helps carry the magnetic fluX he coner.
Signals flow around the asymmetric corner in the opposite sense to the
sense of the clock. 10 (f) 2-phase fan-out It is frequently necessary to
split a signal into two identical signals, a process known as "fan-out'
I'n magnetic logic, this means creating two solitons where previously only

one exi st edonfiMes @mﬁagﬂmgadmngeh@smﬁmdoﬂophMJ IFipivieslOa Bickbedsi rst is the
2- phase fan-out and is shown in Figure 9. A single soliton enters to the

ri ght al on@rqdmth%pﬁmd@ntbﬁwomgwb@tetbp&ikmﬁhe(@@@rgé%taon | eaves

ant 1 o) ockuidh PediaiEs bGhl Bl ech plfeofucitn PSR BEBELES v ougn

t he dovmma@qm\#gréﬁh@ggons_arn). Not hi ng happens during the third phase and on
the fourth phase a 20 second soliton | eaves through the other vertical arm
In Figube 9a a thickness gradient is provided on the incom ng arm before
the fan out ure.9b a wdth gradient is provided on each outgoing
arm beyond(lF)ne F Pr"%ﬂ'l?f'dfor equi val ent reasons. 25 (g) 1-phase fan-out If
it is desired to have the two fanned-out solitons travelling in the sanme
direction as the original soliton, then the 1-phase fan-out should be used

(Figure 10DneThef ithc ofhjor) sdvlahta@es | 6f ima@dtiat flgic Selert comieptibiel channel s
and 14 April 2005 WO 02/41492 PCT/ GB01/ 05072 21 continues propagatl ng
during themieneeleetromns isHhslesignah limeg) gare cnogs each pihek eths 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 widih 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.

20
(a) AND/OR gate

Figure 12 shows the basic AND/OR gate. I 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 dming phases 5 and 6 of the clock is to set the output of all logic gates to




gradient is provided on the incomng armbefore the fl#ARU2006n Fi gure 10b
a wdth gradient is provided on each outgoing arm beyond the fan out for
equi val ent reasons. 5 (h) Cross-road One of the major advantages of

magnet i I &, Over conventional microelectronics i l.gnal |ines can
Cross egrglhﬁ%%ﬁzer in the sane plane. 10 This greatly g(l"'fr';g |1f0;§de"'g t he design
and fabrication of devices. Figure 11 shows the dot thickness (Figure 11
a) or track width (Figure 11b) variations required to do this. The

t hi ckness gradients in two of the fodg2 arns and the particular track width
variations are selected to nmake the device unidirectional. 15 (v) Logic

CGat es Accotll sgné¢ kndvn statenifentd onlydf thé twe inmtearei diffefent. pThsgate exanpl es
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i's present gdcép bbtheinh® =i NThisSis (' ANTY Rictich.ahGeMiatiVelpaif thd sy tted to the
output. If the inputs carry different |ogic states, however, then nothing
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gates to 14 April 2005 WD 02/41492 PCT/ GB01/ 05072 22
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 inpuis
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 ramef 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 comer. Notice that




the same known state if, and only if, the two inputs 14ADrdR2PP2rent. The
gate then perforns a useful logic function. For the clock sequence shown
in Figure 1, the output of the gate shown in Figure 12 is logic O for all

I nput st at except both inputs =1. This is the AN |
:&’60?’?“?2 %{@Qﬁoﬁ}c‘;&?ﬁe right, then

Alternatrvely,”"if the strong 5 clock pulse were orien

the output of the gate would be logic 1 for all inputs states except both
i nputs =0, which is the OR function. It is anticipated that the entire
magnetic logic chip woul d experience23 he sanme phase 516 pul se, suggesting
at first sight that only one type of gate can be 10 obtai ned across a chip.

However, t Becaubsofhe ihWelingpsdturel df (B gate SigiadeBow Heelydiroend temerdf the AND/ OR
gate, as shown in Figure 13, then it perforns the opposite |ogic function,
because t hef pppsistie Bense & be clogk fisli totationsenseas been reversed (assunming
relative flow mapping of |logic states - see section 0) but the phase 6
pul se direction has not. The anbi guous case where the two inputs 15 are

di fferent iy n%émgg Cottpleadidgid (al though still magnetisation pointing to
the left), V\)‘Ii ch genér at e's) the 'OR function. Thus, for the clock sequence of
Figure 3, 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,
conbi ned wh ﬁmqgéeWPEWiséth&rhaﬁﬁ?erOﬂ%s 'PFF'éer?‘ aHe W@Pgﬁﬁlp he
magnet i satioq: L1 ] I I r a
di ver gence?gﬂﬁcﬁﬁgﬁr}aéh%ﬂg%ﬁ gg&(;ﬁ‘b&lti'ﬁ% t??\\%’?@ﬁ#f‘?ﬁ%@%ﬁ%@ﬁ | ustrat ed

in the | owggsuprt mafnetddaticl @uisling? betweent niagnetesidotd t The upresentcor ner at
the same tine as performing the inversion, Figure 15 shows the sanme device
wi t hout t hinveatemds met errestrioterl chowayar, and mpithe abigyostivaosxmipisy 402

PCT/ GB% / Oglggnzlaﬁve 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

15  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

20 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

25 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




23 because of the inverting nature of the gate, sigd4lAPHPREY freely around
coners of opposite sense to the clock field rotation sense. (vi) Exchange
Coupl ed Logi c The nagnetic | ogic system based on nanodots presented as one
exanpl ewb% /Hlbzs application and previously describ ,}I&B(ﬁ}agngowbur n &

Wl | and re%er ence assunes nmagnetostatic coupling between nagnetic dots.
The present invention is not so restricted however, and in the alternative
exploits an 10 alternative nmagnetic | ogic scheme which uses exchange
coupling between nanomagnetic el enepys. Exchange coupling becones dom nant
once the individual elenents conme into physical contact wth each other.
Figure 16 gheysresbegpoRéiblensd vBMi kichhibgRr Reld hepahese BefwesRythee coupl ed.
In Figure 16(a), a chain of abutting generally <circular dots is shown;

Fi gure 16( biopagation aurhmyeleaitpnh GgldsonSecorilyyteere ire )no sthalhgaphdocase where

t he i ndivi ga%a.l .nano net s hilv been SﬂgDOtB%dfﬁé{? f.orm a contjnuous strip
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ei t her fragaddited & ithickwasg| petittom dcdsgpyowhichdeanolgs sarseds twidth. There are

three principle advantages of using_exchange .coupled logic¢c over
magnet ost at Pi§ meaws thatgolifon, aergies qapdeggra dnersensaiby Bilh @pelensity is 25

i ndependent__Q i.ck er <1 h o ] | i ergy density -
depends Ii &agasfrhf)%o'% %ﬁ§iﬁ£@¥. &%g]ibise %neans Bﬁ%ﬁ h%ﬂﬁa?%dgﬁgtg‘gé{%f&gchange _
coupling, RERaE 8N gdkiRs bRichl) KAtOaFariafionid Blethsch &Ridf tofabric@gnet ostati ¢
effects such as soliton prnning (a source of high propagation field)

wi t hout rthdudhickneshvariatiops,iagain sedueingtthe fabricaibmcomplexifyanieasti on field. |t
shoul d1&4 April 2005




WO 02/ 41492 PCT/ GBOI/ 05072 24 therefore be possibl e WABBEZAPA nuch | ar ger
field separation between the propagation and nucleation fields. Secondly,
there are no small gaps to fabricate in exchange coupl ed devi ces, naking
the fabglhGahien process sinpler and cheaper. Thirdl y.p &§ﬁmaﬂge coupled
devi ces have a fourth paraneter in 5 addition to thic ness posi tion and
ani sotropy which can be varied: width. This neans that sollton energi es
can be gradually increased by a width taper (as shown in variuos of the
possi bl e enbodi nents illustrated in 2he figures) instead of a thickness
gradient. Lateral variations are nmuch easier to fabricate than thickness
vari ati ons, ABBENDIEXduci ng the fabrication conplexity and cost. 10 14 April

ey s R
Term nated |inel1100 Synmetri ¢ PAd%endr 11776 2680 Asyfmetric corner 11694 2781
Straight interconnect 1 0
Unidirectional interconnect
Terminated line 1 1 100
Symmefric 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 32
| AND/OR gate 1 0 98 Inputs equal
1 45 Inputs different
2 <0 57
4 100
NOT gate | 15
2 25 67
3 7 74

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

5  The values in the table were calculated assummg a nominal dot diameter of 100nm,
thickness of 10nm and centre-to-centre spacing of 135mn A temperature of 300K
was assumed and safuration magnetisation of 800 emu em™, as would be appropriate
for Permalloy (NigoFezp)




2-phase fan out 119104 2373 41873 1-phase fan out 122714@&md209Dadl, 21782
AND/ OR gat e1098I nputs equal 145l nputs different 2<057 4100 NOT gatell5
22567 3774 H, =soliton propagation field, H =soliton nucleation field. 5 The
val ues abl e were cal cul ated assunmi ng a nom Lanet er of
100nn]‘w?ﬁ%?ﬁﬁéss of 10Onm and centre-to-centre spac?ﬁgvo T%%%n1 A
tenperature of 300K was assuned and saturation magnetisation of 800 emu
cnf3, as would be appropriate for Pernmalloy (N soFe20) 14 April 2005 WO
02/ 41492 PCT1GB01105072 26 CLAIMS 126A nagnetic logic elenment for a logic
device conprising at |east one conduit capable of sustaining and
propagating a magnetic soliton, widuAIMSthe 5 conduit is further adapted 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 y b | ' i ceardance with
oS \mg’?ei ngt@g@ﬁﬁeqsgc cfeméht PP AGbER dedibe CooRlpRiRIY atl 22806

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 solifon propagation field.

15
4, A magnetic logic device in accordance with any preceding 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,




10 conduit is so configured that the soliton nucl eatildmAmil@085i s at | east
twce the soliton propagation field. 3. A magnetic logic elenent in
accordance with Claim2 wherein the soliton nucleation field is at |east

t hree tmmh?ﬁ soliton propagation field. 15 4. A rrp‘lglgﬁh&%s(i?ggi c device in

accordance 'w any preceding Claim wherein the soll nucl'éation field
does not exceed ten tines the soliton propagation field. 20 5. A magnetic
| ogic el enent in accordance with Claim4 wherein the soliton nucleation
field is between four and six tines t2le soliton propagation field. 6. A
‘magnetic logic elenent in accordance with any preceding claim 25 wherein

t he magnet ispacedniduant array fitor dstines it conifficiontls stiafal enfureragugattic materi al .
7. A magnetic Jogic elengnt in accordance with any one of Clains 1 to 5
wher ei n thé’oﬁﬁlg‘f%g@twc% 86eRt FWRpri ses discrete areas of magnetic material,
14 April 2005 WO 02/41492 PCT/ GB01/ 05072 27 spaced in an array at a
distance that is sufficiently small to ensure magnetic coupling between

adj acent argeas. ABmabnsRg et eldndt én kbaif@cel mtn%?r\s&am ldinany
preceding Claim 5 wherein the track has a width of less than 200nm 9. A
magnet i & | ogheteinthentsank Hag agvidbrofiess éhani208n@l ai m 8 wherein the track has a
width of |less than 100nm 10 10. A magnetic |logic el enent in accordance
with any preceding Claim wherein the track has a thickness of between 5

and 20nm g A magnetic logic element in accordance with Claim 8 wherein the track
has a width of less than 100um.

10 10. A magnetic logic element in accordance with any preceding Claim
wherein the track has a thickness of between 5 and 20am.

11. A magnetic logic element in accordance with Claim 10 wherein the
track has a thickness of between 5 and 10nm.

15
12. A magnetic logic element in accordance with any preceding Claim
formed from a soft magnetic material selected from permalloy (Ni80Fe20) or
CoFe.

20 13, A magnetic logic element in accordance with any preceding Claim
wherein the conduit comprises magnetic material formed on a non-magnetic

“subsirate.

14. A magnetic logic element in accordance with any preceding Claim
25  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.




11. A magnetic logic element in accordance with O ai t¢APHR8PRIi n the track
has a thickness of between 5 and 10nm 15 12. A nagnetic logic elenent in
accordance with any preceding daim forned froma soft magneti c materi al
sel ect egofhgipeper mal | oy (N 80Fe20) or CoFe. 20 13. ﬁﬂ%dﬁ | ogi c

el ement in accordance with any preceding Caim wher e| n the conduit
conprises nmagnetic material formed on a non-nmagnetic substrate. 14. A
magnetic logic elenent in accordance with any preceding Claim 25 wherein
the conduit includes at |east one di<8ontinuity in propagation energy

t hereal ong, at a direction change or node, and a transition zone is
provided in advance of the discontinuity in a propagation direction,
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accordance W t al m transition zone enpl oys separately or
i n- conmbi natragnetia niabdriad of tHervohdit; kagstiondfin widty e theccondui, dndlin dhe t he

conduit, variations in wdth of the conduit, and in the 5 case where the
condui t Scorpss wheredhe eonsu cmpristsi discasie magueti He,0NEHNSIPARICRE  and si ze
of the discrat 16 A magnetic |ogic elenent in accordance
with dai m“t S%Fn?gl%é‘}%c&%t% aﬁﬁ%c%gaﬁdwt is configured such that variation
in soliton propagation energy 10 between adjacent regions of the conduit is

of the order of 5 to 20%in the transition zone.
16. A magnetic logic element in accordance with Claim 14 or 15 wherein

the conduit is configured such that variation in soliton propagation energy
10 between adjacent regions of the conduit is of the order of 5 to 20% in the

transition zone.

17. A magnetic logic element in accordance with any preceding Claim
including one or more discrete magnetic regions having an isotropic magnetic

15 properties in the propagation plane.

18. A magnetic logic interconnect for a magnetic logic circuif 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 cironit in accordance with Claim 20 further

comprising means for providing a controlled driving magnetic field.




17. A magnetic logic elenent in accordance with any pAesBdi2AB° O ai m

i ncludi ng one or nore discrete nmagnetic regions having an isotropic
magnetic 15 properties in the propagation plane. 18. A magnetic |ogic
interc r a magnetic logic circuit conprisin one magnetic
logic e e%ﬁrﬁﬁ)’?n accordance with any one of C ains ?P‘%@‘EB‘JJ‘??%O 19. A
magnetic |l ogic gate for a magnetic logic circuit conprising at |east one
‘magnetic logic elenent in accordance with any one of Clains 1 to 17. 20. A
magnetic logic circuit conprising a Rburality of magnetic logic 25
interconnects in accordance with Claim 18 and magnetic logic gates in
accordance with Claim19. 21. A magnetic logic circuit in accordance with
Claim 20 further conp[ifing means for providing a controlled driving
magnetic fiZ% d. A1magpstiq logipdevipp i Acgordancepefh GHgim GHowherepp they . A
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5 direction.
5  direction,




