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MAGNETIC LOGIC ELEMENTS

The invention relates to the provision of logic elements for logic devices and

“logic circuitry using the properties of magnetic quantum cellular antomata,

and in particular to an architecture for the design of such logic elements and
devices and for the design and operation of logic circuitry using such

elements.

The number of transistors on a microchip has doubled every 18 months for the
past 30 years, 2 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
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
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.

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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which the soliton experiences and is analogous to (static) friction in

5 mechanical systems. The soliton nucleation field is the strength of magnetic
field which must be applied to create spontaneously a pair of solitons in a
logic component. Such spontaneous creation is undesirable as it leads to an
erroneous logic state being generated. Soliton nucleation is analogous to
electrical break-down in ¢lectronic systems.

10
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
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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.
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paper. integral with the conduit structure, and that the magnetic logic element itself
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
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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
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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




Thus the magnetic conduit may take the form of discrdtterArad@885 of magnetic
5 material, spaced in an array at a distance that is sufficiently small to
ensure magnetic coupl i ng between adj acent areas. For exanple, each array
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bet ween two adj acent areas. Such areas exploit magnetostatic coupling to
facilitate propagation of the solitons. Alternatively, the magnetic conduit
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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
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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
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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




In this enbodi ment, the effect of the discontinuity ild AR RORR ni ni sed by
provision of a transition zone in advance of the discontinuity, at |least in
the desired propagation direction, which decreases the gradient of the
energy msmatch between any two adj acent magnetic regions by spreading the
energy .10 m smatch over several sucH regions. This exploits the realisation
that the propagation energy in the working device need only be raised
sufficiently to give sufficient energy to propagate the soliton along the

condui t_ougles! NtopBHREOYRAAT HSBINEC PraBinh W0 ARSI digghons. The use

of atransitio uces the nmaximum energy m snat ny given

poi nt i n bhgeaPRaRe&h kgioddid be il |§1‘a@f]t5it'3ui0%, ?fze%ramssubﬁ%%@@ the

propagati on energy, maintaining a large effective gap between propagation
and nucl eafoud BH¥er QYyh&ddvariation Bi Bchiéwed bl i walinpoadclalessindegier ed

nucl eati on events. The skilled person will readily appreciate those .

non- | i neamago&itamatesial in whditdetio? @erpeddiceldr &d flec plave of purppdgatiomnd consequent
increases in propagation energy are likely to arise. These will include
~di rect i onthitkangseef adjnomns -regiens prafierablynvarutty betweemtSete @iteanere and
junctions and other functional regions in logic gates. If the

di scont i npiefsrealy pubstpatiadlyparppuads 18Ye Similely avhere vatiptien isoaghiryvedi f f er ence

bet ween spliton. propagation and soliton nucleation energy may |lead to 25
erroneousgmfﬁrlwé’é’ﬂli?;prfﬁ%% of & epmfinpons %\/W&‘f ﬁaIE’i?qwébIPrt%ﬁélaf’?‘Hn zone ni ght
be desirable.. In practice, this is found to rige in particular in relation
to condui PESNUgSEI00p r?gﬁetg Qg/é’aré’fﬂ’jﬂibgwe@f’eg ﬁﬁ%r@[/f’cmﬂ B’Efcgfirul?lyl—bwever, in
t he maj or e 11 ances, and in particular where continuous tracks are
enpl oyed,é%iétggﬁfl%ydfb%}f"he di fference between propagation and nucl eati on
energy is kept sufficiently 14 April 2005 WD 02/41492 PCT/ GBO /05072 9
high, it has been found that a transition zone before the discontinuity in

propagat i Bncé&tuii @hbodintes, i _trﬁ@le@@lqaq%eds didieinullds B8 oPendigcessary,
since the propagation field itself will be sufficient to propagate the
sol i ton adisosts nlagnetic 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 magnetic region in question. In the embodiment where

the array of magnetic regions comprises a chain of dots, the said anisotropic

property is achieved in that the dot is elliptical. Anisotropy fields of the order

of 50 to 200 Oe will be suitable for most purposes.

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.




di scontinuity without running the risk of stray nucl é4tirsh28Q%ents. If a
transition zone is provided it may be adapted to provide a gradual energy
transition by variation of underlying magnetic material properties or by
variation of features of shape and configuration of the magnetic materi al
bet ween along the conduit. For sinpllicity, this latter alternative is much
10 preferred. In such a transition zone in advance of the discontinuity, a
nunber of alternatives nay be used separately or in conbination to produce
the graduglcortidly!t8ahOfler dBYRREFYHROIRBRAY a thibnbh® 1685 Gevile /i SCT et e
magneti c areas, such 15 as nanodots, variations n spdacing, size and

t hi cknesspionided dofpeising magdetio didt elénfhtst & &bope Ceadided and whale may be

enpl oyed. Preferably, adjacent nmagnetic regions in the transition zone
provi de acqmprifieg negans gyr providing i o gontrolledddayiog wégnetie fiklécdnyi nuity by
means of a .gradual varjatiqon in thickness in a direction perpendicular to
the propatfi@EPniigf apay be pevigaged sPieferatly.clbs aaeans providesensentidlledener gy of the

liton. W . i.al | y=overl i ti . pl d,
ol Lo VUGS P44 L BP0 ARG 16 el LY,
- cont enpl ap g MFES CRABKIHRUSWIRANE b fnd LAE KRR RStlpg bhe L i ckness

of the track may be varied in a direct per pendi cu to the plane of
propagat i e8ckifg fleldak aVilehikhvismyr bati-¥RckRite directibli. SInCASE.a BEREST ably
adj acent 25 regions in a transition zone are adapted to provide a gradual
ener gy t raagidicdngiclelenyerdsd irahcovadanat math fhe firstadpeoti oft the iWWeationt r acks wi | |
i npart higher energies. The extent of the transition region is a trade off
bet ween tMay desArraBEeb i pioyidet QR reatesi P gatesgNRT s#es, |anysutabdeni se devi ce
density, and.the desire to avoid 14 il. 2005 10 exces ropagation field
di scont i nt & 1_°n|:1$181f68£585| 3Ry QMY %qq\@ﬁﬁq%c gﬁ@?’g@getggt“’géﬁ%&@ﬁﬁcent regi ons
is of thein?err&% Je 10 20% preferably substantially around 10% Were

iati ACHI eved by varying thickness of the nagnetic material in a

variation s
direction perpendicular to the plane of propagation,

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;




t hi ckness of adj acent regions preferably vary by bet videN™ 2085200 nore
preferably substantially around 10% Simlarly, where variation is achieved
by variation of the width of a continuous track, w dths applicable to

adj acen tic regions preferably vary by betwee % nore
preferagfvﬁﬁgﬁ stantially 10% In certain enbodinentg?ﬂgﬁgﬂﬁégnetic | ogi c
el enment includes one or nore discrete nmagnetic regi ons having ani sotropic
magneti c properties in the propagation plane. As will be seen in the

- followi ng detail ed description, thislZm ght be desirable in a nunber of
circunstances to enhance coupling between adjacent regions. Anisotropy is
preferably introduced by control of shape and configuration at the

magnetic region_in questjon. In the enbodi t where the array of magnetic
regi ons c-oﬁgwlr%%§ﬂ<§ﬂ%ﬁsitﬁf’°3§andeg!§ ,stﬁwgs&eﬁﬁﬁﬁgwwwf PEBFEHty is

achi eved i d LDt ANt y fields of the order of
50 to 200 ?)%éo\?\(,iﬁfl${GBtgegﬁ%‘t’%%ﬁgk%%ﬁid&%g#ecg@g%g@églgmcordi ng to anot her

enbodi ment of the invention, a magnetic logic interconnect for a magnetic

logic circuit conprises at |east one el enent as_ above described. According
to anot her Figutodls a gondupicfollawing the principlesrafredative floygmappisgdnf or a

magneti c | ogi iLcuit conprises at. |east one elenent, .as above descri bed.
Accordi ng F%lcglﬁﬁ? ﬁg&eﬁﬁ)gﬁip%ﬁfs (&nstlaultea%ia.h\pglrﬁq lﬁlﬁﬁe 3°nq‘r'ﬁgneti c logic circuit
conprises a plurality of suitably designed magnetic logic interconnects
and magnetic | ogic gates as above described. 14 April 2005 11 According to
anot her enbBigdravkstiowafa ¢oaduit nsehior carryimg saltoretin @ stragghtliskevi ce is  provi ded
conprising magnetic logic el enents as above described and further
conprising nmeans for providing a controlled driving magnetic field. Any

itable fi : . , :
zglnt ?oh?edFﬁ#geggﬁl&éﬁsf ?‘g?ﬁﬁﬁ?gﬁtg‘?n&r pﬁ%%@%%&%ﬁ%h%@ﬁé?%?ﬁ@?oger ating in
a predet esdRef@ic SePhee PlRICEmREE ad it Sisiat theehghathe infefenicef er abl y

~formng a
(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;




clocking field in a clockwise or anti-clockw se diredtifgil 2095 such a
device, magnetic logic elenments in accordance with the first aspect of the
invention nmay be arranged to provide OR gates, AND gates, NOT gates, any
sui t abl jnation thereof, or any other known | ogi t oget her

W th suﬁpgg’?{gm i nterconnects. The device may furt herﬁlélgﬁ%ﬁﬁogﬂzzsui tabl e

el ectrical input and/or outputs to enable the magnetic |ogic device to be
used in a larger circuit. An exanple of the operation of a magnetic |ogic
device |l ogic device in accordance Wll%h an enbodi ment of the invention wll
now be described. This wll be used'to illustrate the devel opnent of
exanpl e ar%f{r r g 1 £a, I.Nt-gr connect s
and |l ogic ga egﬁéﬁﬁﬁ%%@#ﬁ@g%%@tﬁ&eﬁ% ?ﬁ%l?g%ﬁesgﬁgﬁ%ﬁgaqe%gmi on, as
shown i n Fipgifors tBe AND Sunbtivne wihen i Block afeld exquiapce ds as eshgwvein for bot h
nanodot and_continuous track architectures (figures subreferred to
repecti vel )Fl%eé; and b). Reference is nmade to figures 1 to 16 of the
acconpanyi ng drawi ngs by way of such illustration, in which: Figure 1
shows a pol ar plot showi ng the |ocus of the magnetic clock field vector

during gne Fghié K 3psHowRdihel ANTORC kit doff Eg&ixg mJiahiaﬁ & PIORSR! Ng a

device in accordance with the invention; Apri 005 WD 02/ 41492

PCT/ GBO1/ 08dg@ionid #agieazak wilbperforine (HB0OR cfanctiongwhers thet deckf ieldt he
different sections of a conduit . according to the principles of absolute
“direction APSPERS AL EHEMs a conduit fol lowing the principles of
relative flow mapping in which the Boolean logic state is constant at all
points in the conduit. Figure 4 shows a conduit used for carrying solitons
in a strai @igure i e, shbbs FagIN@T Sgatbouhiteatite d (uppet) @ndl ai gél@hesianect (upper
and lower) with a schematic graph of the soliton energy as it passes

t hr oughA0t heenrefcaiatiomabthe 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




(centre); Figure 6 shows a correctly term nated condd AP 80g5 gure 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; g,b%gﬁggo shows a one-phase fan-out allow ng Pcﬁéﬂﬁ)géuﬁo split to
two signals of sane phase; 25 Figure 11 shows a cross-road, allow 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 perfd4mthe AND function when the cl ock
field sequence is as shown in Figure 1; Figure 13 shows the AND/ OR gate of
figure 12 aomdingeld the right at phasesk  Itlithencpriooeeds dotiotate hinb-clpakwisei | | perform

the OR functio en e clock field  sequence is as shown in Figure 1;
Figure 14 gfrr i 5,3%4 fligﬁeﬁﬁea&aek@wﬁﬁrﬁéﬂtm@ﬁd@t@hgwénﬁhw@ 10

repr esent aki 'iﬁﬁ di | which .lead o,an inverted

| ogic st a?e@&ﬁ%%ﬂrl Zﬁ X@%&%\E/‘% a '%%?degagrggb\#%ﬁ lt%?gtthrang‘r%e (l:egprrer; 15
Figure 16 sbpitmgSukepie atutnghepBgeqoupl ed magnetic | ogic el ement ot her
t han nanodot s. %\n exanpl e node of operation is first described and is then

used t05deve!op exanpl e architectures for practical |ogic devices in
accor danc e tppnasters] Gan be applied either as a continuous rotation of the magnetic field

or as discrete jumps from one direction to the next. The first four phases
constitute a 360° rotation of the applied field and serve to propagate solitons
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.




20 invention. (1) O ocking According to the exanpl e rfdderdf208perati on used
to develop the exanple 25 architectures hereinafter, a nagnetic field is
applied to the | ogic device which acts both as power supply and as cl ock.

The cl och@a?P/?s?zsi x different phases per period, Fi gur&’éﬁ“ﬁ&ﬁ‘}vﬁ\% t hese

schemat In figure 1 is illustrated a polar pl% the | ocus of
the magnetic clock 30 field vector during one clock period. The field
vector begins the period 14 April 2005 WD 02/ 41492 PCT/ GBOLl/ 05072 14
pointing to the right at phase 1.' Ifsthen proceeds to rotate
anti-clockw se through phases 2, 3, and 4 and then back to where it
started at phase 5. These 5 phases all have constant magni tude. In phase 6
it junps to a large left- pointing value before returning to phase 1. The
phases canAhiorpp ican s tvhared &s aareabrdevive ocemprising idiseretd rhagmetiagnetic fiel d

or as discrete Jéurrps fromone direction to the next. The first four phases

_ t
const i t ut enapodel byoniedunings smalk degrge pEellipfieifytothe nerynpllyrcdreglagpagat e

solitons round .t he. | ogi . . ) hases | oduce a
hi gher magﬁ‘?t_t ﬁ&ed'f?f%lpfle&dtﬁ%@?aé@p%? 8%-%%35%125% 8?3:4% eglg&laggidg%ét es to their
defaul ts Coé}ﬂédttd?’ .eab¥ afidfshokd SerdofblORIded uewlintihBtdochaced) @gl has a
definite sense of rotation. For the sequence of directions shown in Figure

1 this senthe iatioanft theclengthsiof anajat thanigbr azes giyee ey srengiiniofHhe cl ockwi se
field sense woul d &grké’ st as vvel{x. S%ii i&é \gill show [ hat the clock
sense is VEHSPHARYOICEBIPES NS R AHBOHERY iolgnall 5 CPYieT cks and

| ogi ¢ gat egy;.fd:l r.c ' hie | Ao d
enbodi nent%}lpéﬁg) ?@Seﬁq’gﬁgﬁ%ﬁg% g’g“ Eg%glﬁﬁcgﬁng?%tggn%‘%%t I C h?%?r egi ons
conpri si nofieltls &1 theranpe@fid0d Oenanodot s of the type described in Cowburn and

Vel | anclzlé and to continuous tracks, but as has been noted the
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




invention is applicable to any nmeans of providing a ddmli208% e to sustain
propagating solitons, whether discreet dots or partially overl apping dots
or - continuous tracks where functionally discrete regions are otherw se
provi.dego ¢2p4bor exanpl e by donmain control and the dp&?{%ﬁhﬂpﬁh& is in effect
the soliton - in this regard see also Figures 16 and : ere 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 axial) anisotropy. For continuous6étracks variation in track width have
equi val ent effect to variation in thickness, and may be 30 preferred. 14
Apri | 2005thichDes valwe ZiROT irGRR /foBOVing o Asitons repyldceeedbts baried in a
real device c rising discrete magnetic nanodots by introducing a small
degree of chﬁﬁggfﬁ'@fty to the nomnally circular dot: the direction of the
maj or axis of the ellipse gives the direction of the 5 ani sotropy easy axis
(shown as a doubl e headed arrow in this docunent) and the ratio of the

| engt hs of (iitpLegicthasisi nor axes gives the strength of the anisotropy
(expressed as an anisotropy field, H, in this docunent). An ellipticity

ratio of the order of 10%will be sufficient to generate anisotropy fields
‘in the rangbe standenl Beolean Ippinehasisadf Mnamd (Ar isoused] tuidesaribasthhave been

Pt o S, LR BB RSSENAED, AR SRR i A "

described {p, nf)gsgwt?fgfaggig?s BaFELPRS ma ﬁoﬁaﬁ&ﬂogtdﬂ@vé@a/&.ah&en been used

to sem -opti "t rons, 15 tiM cknesses and aniSotropies of the dots
shown for thadbgiblbasik. 3% esl the firnti ‘absvide dirbetiourmpaged’i aad the edodndnd to

maxi m se the nucleation field. Appendix 1 summarises the results fromthe
cal cul & orfelalive BPWpByin®n and nucl eation fields for each architectural

bl ocks presented in sections (iv) and

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




(v) assunming that the dots are nmade from Permal |l oy (N#@ard2095 O her 20
magnetic materials such as Fe, Co or N may al so be used. It will be
noticed that nost bl ocks exhibit propagation fields of <20 Ce and

nucl eation fields of >80 Ce. There is thus a wi de wi ndow in between these
two |i MO hich the clock field magnitude may bECYEROIOHE2 | [ ¢t he

speci fic exanpl es of device el enents which follow, anisotropy and

t hi ckness val ues are shown for each architectural bl ock assum ng a nom nal
dot size of 100nm di ameter and 10nm thi ckness, placed on a nesh of pitch
135nm Specific inplenmentations of this invention may use different nom nal

ppr i 1 2005 SbUOOS 10t REREeBEH b A B ar BBkl TS, 12
fol owing tepms A Bolis WY bﬁte@?lﬁési?ﬁ@lffﬁ)w deedionuhast aldo béitdkieh ihtegi ¢ basis 5
The standard Bool ean | ogic basis o 1' and 0" is used to describe the

archi t ect upeccnfit.t he exanpl es presented in the present application. There
are two possible mappi ngs between the magnetisation direction of a given
dot and the logic basis. W call the first "“absolute direction mapping'

and thegse L o€l Rt dNSedl o0 h FEs -desdibdd IRbditLied ik&@tdsON Mappi ng,
whi ch ig il ggatr?ﬂla%ggﬁ?r@%?lgﬁerdeﬁz, efnt%ﬁlmslﬂtg%faleadt;illgglgute dier ecti or‘r1s of the
magnet i sat rslatiwhilotw tepging ries change lto gibsolsteadiesctibo mhappinigatioescheti ns or track
portions magneti sed to the right are always ' and 15 hori zont al

ys logic |
chai ns or changr thephyswd brkayar of adogiesysian, Rt smaply the yppedaigec v,
Simlarly, i . i NS0 k portions magneti sed up the page are
al ways Io&ge?rtgfﬁ%%%qgéer cc%?&%’ﬂ%i ns or track portions magneti sed down the
page are always logic V. The advantage of this systemis that it is very
simple to
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




interpret a given spin direction in terms Bool ean | od#cA™HZ08%. The 20
di sadvantage is that two of the four possible interconnect coners al so
invert the signal (see figure 2). In relative flow mapping (figure 3), it

is the li3lii@nshi p between the nagnetisation direc he signal
flow dl{ri@ct;f‘on whi ch determ nes the 25 |logic state. ﬁf‘ﬂ? @%ma%net I sation is

aligned with the signal flow direction , then a Boolean "1' results. If

t he magneti sati on opposes the signal flow direction, then a Boolean "0
results. The advantage of this systengis that logic states are al ways
preserved when turning corners (unless a NOT function is explicitly
required atratlhbasedrandtiteetuse elleataolhas bonstamt tHiekmedone thwewidtisvamdse to connect
30 . different |ogic blocks together, The disadvantage of reI ative flow
mappi ng i s With Awﬁancez@omweozﬁmlqnt’nfm /B 3s fhen gpaabrapl i1t e

Bool can f‘ié?l%?aa%ﬁt@agﬁet” S ao b il Aol R BB BB 0, G

account . S ed@i@y dF et dofifdnur € devel oped for the exanpl es described
herei nafter assunmes relative flow nmapping. To change to absolute direction
mappi ng5does not change the physical behaviour of a | ogic system but

sinply the_pnonenc] ature , used .to descrl he | ogj c, el en s. 10 (iv)

Si gnal Rouf[{l]’ﬁgr?sﬁits & 28 ‘&ﬁ‘fea“?eﬁtEIPE%ﬁ?ﬁ@’&t eass}snﬂl:ugg e‘fé‘i‘ [ﬁ%‘i‘e i gnal
routing is ure 4. The
symretric n&ﬁjre ntfﬁat ﬁn)(%s g:%nn %élaﬁsr %ﬁ%gﬁgﬁﬁggﬂi\gﬁﬁﬁgngﬁod&%pagate
equal I'y Webiwr??'tg‘radiémm Thé prdpagatiophfield for tefoto kighhpropagdtiehtis stili)

Uni directional interconnect 20 Unless wired-OR logic¢c is being inplenmented,
a given | emjmffecl;y lowibesazen abthe gestho aradienh| ;Fh@@&paa%tm fglg den gghq owi ng one

nay _t hr 8ug to llefc 1'16(‘,%&,%% h1's thﬁgh %E&tluse 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




i nterconnect bl ock which only allows solitons to pas34iApidae0%irection is
useful for ensuring correct signal routing. Figure 5 shows the basic
principle in unidirectional signal routing in magnetic logic, according to

this i ion. 25 In figure 5a a thickness gradient_js. i d on a
nanodopwﬁﬁg%ggﬁrchitecture, typically at a rate of:%hﬁ?%gﬁgggt. There is
then an abrupt relaxation back to the nom nal thickness. As the thickness
of the dots increase, so does the energy of the soliton. In figure 5b a

wi dth gradient is inmposed on a contipgous 14 April 2005 WO 02/41492
PCT/ (B01/ 05072 18 track based architecture. The track has constant

hi ckness Bl eddorifisiabd 59 Fighhd BadWHARCEoiBuliotiee, anagy val ent

effect. There I's then an abrupt axat 1 on to the nomnal width. As
the wi dth arbiteaseds pssitiaand thihe tandngipndlie tilnctapakité oneedie phing results in
an increased_g}gopa ation field, as is illustrated in figure 5 centre. But
t he propag&ﬂI tratpd iFiggreshal ogous to force and depends upon the energy
gradi ent. The propagation field for left to right propagation is still
relatively | ow because of the gentle gradient. The propagation field for
right 1@ teg) ef SymiRHAY Gérners hi gh because of the steep gradi ent associ ated
with the abrupt® thickness transition. The interconnect thus behaves |ike a
diode. A further, nore useful feature of unidirectional interconnect is

that it can.be uysed to increagse the potential. ene f a soliton wthout

i ntroduci ngl%"r%ﬁbgloﬁ’ﬁtt?‘ﬁlsmplﬁ rBaE P“&“%‘r%ﬁ% F%{’?I){.%q MO 3 5 necessary
in archi te%l'tﬂ ﬁlAgloﬁ SertHs thé iliéoﬁtﬁlnélﬂl‘ﬁ{ o(*bc?écﬁ"% £ QeffNHRHGY Must be put
into the systemto torma secong soliton, or In ?ocssuch as the

- cr oss-r oad c4rbiell o) thehesremdakng @ithér phiasat 1 @oBeofptientlotk anidethiehock nust be
conpensat ed by thicker dots or thicker/w der_ tracks. A thickness or width
gradi edf i smakdigtelis ap the vericalsarmrenrthe next wdgck 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




(bel ow) where unidirectionality is used to prevent sdliAmi20€%| ection. 20
(e) Termnated line When a conduit termnates, the region in the vicinity
of the term nation experiences a different magnetic coupling environnent.

In_the.oﬁﬁﬁg{ﬂggzta chain 25 of dots, the end dot onIy_ﬁqﬁ}EﬁWgear est

nei ghb herefore only experiences half the i %oupllng of
other dots. This nmakes it susceptible to soliton nucleation, which | owers
the nucleation field of the entire chain. It is therefore inportant to
termnate correctly | oose ends of chapns of dots. The sinplest way to do
so, according to this invention, is to introduce anisotropy to 14 Apri

2005 WO 02/efitAdthe Rofizdttil 1doaB0I ZrohDihet16R a8 ds Saticdiso tHd ¢b$ﬁdfraitﬁﬂgl n Figure

6a. Wth a continuous line a different architecture ISdDOSSI b and at
the ternm naifhephaseel o1 hef thawécrcak tlbmanméﬁﬁ@hws ard is cgeried dayee thet ed i n

Figure 6b. 5 tr e r ws e sippl est y in which
‘a signal cé(ﬁrt%dl?‘f'fﬁ% x{iq %P?’fg;fji el;&ttﬁ*cﬁp@ﬁ g‘Bt?{etrar?gai zont al
chain or tRﬁ&dﬁ(ﬁ? lsleaﬂgaaﬂﬂiesa fach k& dnd eoﬁnae mrtﬂﬁlmsydrdrng ei t her
phase 1 or 3 of t 'ock an |mTed| ately up the vertical armon
the next clhwidth thhelﬁ on'ﬁhe intoindng aim peaviests theogmlitom fivhebeing reffecttdt or

configuration of the track ort| on at .the corner hel‘ﬁ)9 carry_the magnetic
flux around“fl%ltﬁzérphéﬁe wathe The tnigkipbapzaliopy ogihe soragr dgtdkigures symetric

about the Gentieg,0fnl heonlf, GRICEoAIIRCAANaLE, LA b BHaype! [ 11

either dir ER taude a problemTt e sense 1n |ch a soliton

navi gat es TaEﬁnﬁ@ﬂhﬁ%bn{cfnﬁthe@bﬁ@dffédséﬁe%the%ﬂise&ﬂﬁcdimlﬁe) is different from
the sense of rotation of the clock field. If the two senses are the sane,

t hen no probl em occurs and the signal is swept around the corner. If the
senses 8I’€8Ifffl’ﬁ ver, then the soliton wll be
-phase fan—o

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




20 reflected at the comer and unable to propagate. AldiAmi288gnetic |ogic
systemw || usually have a single sense of clock field rotation. This neans
in practice that the symmetric coner can only be used for those corners

whi ch %ﬁtzﬁ{éw% he sane sense as the clock. Wen it i]?%lgﬁg%%gﬂg@ﬁto turn a

cor ner opposite sense, the asymmetric coner oul d be used.
25 (e) Asymmetric corner The asymretric corner is shown in Figure 8 and is
used when a soliton nust flow in the opposite sense to the sense of
rotation of the clock field. A soliten 14 April 2005 WD 02/ 41492

PCT/ GB01/ 05072 20 enters the horizontal conduit fromthe left and is

carried tocbinues prgagaling dugingehd b ploels phdseOln Higok 10ae thickakss It then
waits 5 phases and is carried down the vertical arm.during the next clock
peri od. Dogradins ihpeeyidetiog theingeming arpy befre the &moytrilg digngdPbias vari ed on
t he approach.,to the corner., The thi.ckness or_5.w dt radi ent .on the
ncon no. astiity etrdiet % REvidsA G ehef SHEdEenfrey aFved o BRAMET &S phase
vait. The Wpiigle re@ddggOt ropy on the corner dot (Figure 8a) helps carry
the magneti ¢ flux around the conmer. Signals flow around the asymetric
corner Bn the opposite sense to the sense of the clock. 10 (f) 2-phase

fan-out It js frequently necessary to split a signal into two identical
signal s, adb)rocgg S10Awn as “fan-out'. In magnetic logic, this neans

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 ®neAdfi figd emajot | 4dvanBpéLr &f tlagrictie [dgiht ovk OB tehEohalr i zont al
arm On the next clock phase a soliton |eaves through the upward verti cal
arm (i f theetoglskiremesisi that gnnd dines camerass gathwotber inf the gamei plag¢.ockwi se t hen

the first liton. | eaves thraugh th ownwar d. yerti cal r.m,. Not hi ng
nappendOau PGP FmpRtes G B ang ForHE Lo JoViohaeug 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




20 second soliton |eaves through the other vertical afAriRBPgure 9a a
thi ckness gradient is provided on the incomng armbefore the fan out. In
Figure 9b a w dth gradient is provided on each outgoing arm beyond the fan

out foronﬂHh?f'l ent reasons. 25 (g) 1-phase fan-out i)(f:T/bﬁ(Hi’(}?u?ge.Si red to
have the two fanned-out solitons travelling in the sane ITection as the

original soliton, then the 1-phase fan-out should be used (Figure 10). The
incomng soliton is imMmediately split into two channels and 14 April 2005
WO 02/ 41492 PCT/ GB01/ 05072 21 contigfes propagating during the sanme clock
phase. In Figure 10a a thickness gradient is provided on the incomng arm
bef or e t he ti@pameknowm stategilir sndloily df, the dwéd igpudarerdifferenpr The gatt on each

out goi ng arm beyond the fan out for _equivalent reasons. 5 (h) Cross-road
One of t he theg %@aﬁsw&g@fﬁw@ﬂetﬁ%m%@@c sgqeanoe shavanis Gghre

m cr oel ect ony cS_J ' ls (o . [l he sane

pl ane. 10 '?‘hiwée é‘r@% #@ﬁéi%‘%ﬁg?@@ @@ﬁ%ggizglﬁqgéaqu%riﬁég% |uct)r§&o ® devi ces.
Figure 11 shess bothhiapetot=11 Mhikie e AND Giticlod. 1 Adrmafivély o€ khektebiny (Fi gure
11b) variations required to do this. The thickness gradients in tw of the
four arfs ghatkipdsepaiereiogighted totthezightyitherhtheamitputioditke gate wedlddreed t o nmake

the device unidirectional . 15 (v). Logi c Gates ,Accoydi to.this invention
as ‘il lust rlﬂ%ﬁqifﬁf aﬁt?élp'%? é@J@ﬁFXéﬁ‘)?ghB‘i%ggp‘{tﬁ?é e éiélsttg\i)bﬁg@gf’*&onrogi c gates.
The first is the AND/OR gate and the second is the NOI gate. 20 (a) AND OR

gate
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




Figure 12 shows the basic AND/OR gate. It has two i ngdtArrd380%ne out put.
The coupling between the two input arns and the output armis such that if
the 25 sane logic state is presented on the two inputs, then that state
wll be,.t itted to the output. If the inputs c i ent logic
_states?wﬁg%ggggt then nothing is transmtted to thgﬁg%?%%&&g%d it retains
its previous state. This alone does not constitute a useful l|ogic
function. The purpose of the strong pulse during phases 5 and 6 of the
clock is to set the output of all logic gates to 14 April 2005 WD 02/41492
PCT/ GB01/ 05072 22 the sanme known state if, and only if, the two inputs are
di f f er ent . bddras@af the ibVedlingosdtiverafiha gats ofighald How dreblyngrbinahcorés t he cl ock
sequence shown in Figure 1, the output of the gate shown in Figure 12 is
logic 0 fopfappositepunse & e slock Sigkiustatigntspnsenput s =1. This is the AND
function. Alternatively, if the strong 5 clock pulse were oriented to the
right, then the output of the gate would be logic 1 for all inputs states
except bot i% NPk éham@e CORpRA Igeid he OR function. It is anticipated that the
entire magnetic logi ¢ chip would experience the sanme phase 516 pul se,
suggestbng at first sight that only one type of gate can be 10 obtai ned

across a chip. However, this_ is not the case. If one reverses, the
direction éhemagnaligiogiv S@i%?@,baé%‘{] Wg?tﬁpfﬁsﬁﬂ?‘iasl@}e etxﬁ’é'ﬁiellf‘lﬂ&‘érfor ms t he

0ppOs t & | ggink GAGLE Ui ERPUSEHDR 1h M CoRBRHP 427Ul HiRlzo2/ 1 has beer

reversed ( umng relfative *f'ow mappi ng of 1 ogic S - see section 0)

but the phagmed Mdksogiiticeebinslihghdstwieh. nbggetintdogiouTheapesadtere the two
inputs 15 are different is nowreset to logic | (although still

nmagnet i sat inyenien At inoty se gestripied | wever,vindcin gen dlévet pEPlOXE Plnct i on.
Thus, for the clock sequence of Figure 1. Figure 13 sho n gate. (b)
NOT gallé 2&%&"&“‘?&“&%@% ng‘eg'ﬁsg'ﬁmﬁn\l)gg? £ négtcgppf‘}fgg%?@e ively tight
angl e at t g ddfmetic 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




of the gate, conbined with the uniaxial anisotropy id448il2695 dot prevents
the nagnetisation fromflow ng around the | oop, but rather creates a

di vergence. This is the source of the inverting function, as illustrated
in the ‘I‘/B\ﬁ@g“pﬁrt of 25 Figure 14. If it is desi red%é ﬁdffﬂ) cor ner at
the sane tine ‘as performng the inversion, Figure 1 same device
w t hout the second corner. Notice that 14 April 2005 MD 02/41492

PCT/ GB01/ 05072 23 because of the inverting nature of the gate, signals
flow freely around coners of oppositge sense to the clock field rotation
sense. (vi) Exchange Coupled Logic The magnetic |ogic system based on
nanodot s pfiRgiecte JfossibR RXdbMRine niudh t1Biger AP |sepRbii@D bafekeRr @i ousl y
described in the Cowburn & Well and reference assunes magnetostatic

coupl i ng bpxomgaﬁmmmcbtnu@lcmnsﬁerdhe %ecegélm thére\asatrioopmils gaps teo restricted
however, t.he ternat ernatlve netlc | ogi c
cohene. whi Brided Exdang Boinie T e puitiad e aialiah matces eRB BN

Exchange ¢ e eﬁﬁﬁﬂ$n i 'ﬁ%ﬁ% | conme into
physi cal cgﬁfg%tgﬁftzﬁgg‘h ot he .&mﬁgﬁﬁghggsgﬁgﬁé sone %T eqﬁays in which
15 the £ eaddition t®ythicknesgupdséitbn dml Enigniropy19hizh, can bmaamedofmdﬂut ting

generally _circular_dots is shown; Figure 16(b) shows conpected hexagons;
Fi gure 16(&ys memmdhatrsel ltoas@ewww@nthﬁegrﬁmllmlaeraﬁseﬂéwowgim@ehave been

smoothed 0 T8EMh R G BY e kbl Lo dRERS ISR b bl 1 o, 20

t he infor on carr POR 1 sAC y ‘a magneti wal |

Accor di ng ingtehdd 08 a itHTeRYsS ?ﬂldlehh el A6kawdtatiohs hleanm@dtCdiisiee & fabAbat®! ocks
described in this document may be used in_ either magnetostatic coupled or
exchange cthapiicknesyvariatipns,egain rethueing the fabtination gemipleiifylandsdstant ages of

usi ng change coupl ed | ogic over nmagnetostatic coupling. Firstly, the
exchangé coupling energy density is




25 independent of thickness, whereas the magnetostatiléd ABUg00Hg ener gy
density depends linearly on thickness. This neans that in the case of
exchange coupling, one can reduce the thickness to m nimse spurious
magnet | effects such as soliton pinning (a s L gh
propaggﬁpg%h%ﬂéld) wi t hout reducing the coupling stréﬁg?ﬁkgﬂ% hence t he
nucl eation field. It should 14 April 2005 WD 02/41492 PCT/ GBO /05072 24
t herefore be possible to obtain nuch |arger field separation between the
propagation and nucleation fields. S&ondly, there are no small gaps to
fabricate in exchange coupl ed devices, naking the fabrication process
sinmpler anAPPEMEIPEX 1 Thirdly, exchange coupl ed devices have a fourth

par anmet er hﬂ i addition to thijckness], _positijon Nd an] Sotropy Wi CH can be
varied: wi|/dtAekuaE s neans t hat'%H i (tBin(Oeher|fldO an Commeptidual |y i|ncr eased
by a width taper (as shown i nPUBSei Uos of tHe possi bl e enbodi nent s
illustratgd 1h the Trgures) instéad of a (N ckness|gradi ent. Lateral
vari ati ong rghhigterroniest er to|flabricdte thdn thickhess variations,| again
reduci ng tlhe fabrication COMPI[EXiTYy Jand costl. 10 IZA[ApriT 2005 WO Q2/ 41492
25 APPENDI | Y{rigsessticngioniersgeyest Bliock naned ock [Hp (Oe) H. (Oe) Comment s |phase
Strai ght ijnterconnectI0 Unidiffectional i nter(fconnect| rTerm nated 11ngll100
' Terminated Iine 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 assuming a nominal dot diameter of 100nm,
thickness of 10nm and centre-to-centre spacing of 135nm. A temperature of 300K
was assumed and safuration magnetisation of 800 emu em™, as would be appropriate
for Permalloy (NigoFezo)




Symetric corner11776 2680 Asynmetric corner11694 2784 ApmpRE8%® f an
out 119104 2373 41873 1-phase fan out 12277 Cross roadl, 21782 AND/ OR
gate1098l nputs equal 1451 nputs different 2<057 4100 NOT gatell5 22567 3774

H, =sol W@l@pﬁgpagat ion field, H =soliton nucleation f4 %ﬂnl@ﬁrhe values in
the tabl e were cal cul ated assum ng a nom nal dot dianeter 100nm

t hi ckness of I 0nm and centre-to-centre spacing of 135nm A tenperature of
300K was assuned and saturation magnetisation of 800 emu cnf3, as would be
appropriate for Permalloy (N soFe20R614 April 2005 WO 02/41492
PCT1GB01105072 26 CLAIMS 1. A magnetic logic elenent for a |ogic device
conprising at |east one conduit &IpABMIE 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 prgpagajpi HRoRAE 18Yc Ferfert S0 allofik dMidebomprising at least one
| conduit capable of sustaining and propagating a magnetic soliton, wherein the
5  conduit is further adapted by the provision of nodes and/or directional changes

giving rise to discontinuities in soliton propagation energy as a result of which

logical functions may be processed.

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

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

soliton nucleation field is at least three times the 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,




| ogi cal functions may be processed. 2. A nagnetic | odidcAmiléf8ht in
accordance with Claim1l wherein the 10 conduit is so configured that the
soliton nucleation field is at |least twice the soliton propagation field.

3. A rra%q)tz)?ﬁg% ogic elenent in accordance with d ai "i’grllgﬂﬁ,r'o?tw the soliton
paga

nucleationtiéeld is at least three tinmes the soliton pr ion field. 15
4. A magnetic | ogic device in accordance with any preceding Caim wherein
the soliton nucleation field does not exceed ten times the soliton
propagation field. 20 5. A nagnetic 128gic elenent in accordance with Caim
‘4 wherein the soliton nucleation field is between four and six tinmes the
sol i ton prcpagdtinam arfayestcs distande thay isesiifficieniiy smell ¢orenduré magaetio dance with
any preceding ¢claim 25 erein the nmagnetic conduit is fornmed as a

cont i nuous GPPBI@!ga‘?ﬁtW peBtarg@t erial . 7. A magnetic logic elenment in
accordance with any one of Clains 1 to 5 wherein the magnetic conduit
conprises discrete areas of magnetic material, 14 April 2005 WD 02/ 41492

PCT/ GBO1/ 0072 A7 magRéeice todi) cRhedt i Yacdrdanddl ﬁitﬁﬂﬁ;? préaddings C3ahd i ciently
smal | to ensure magnetic coupling between adjacenf areas.” 8. A magnetic
| ogi ¢ elSenwvheréin thecleankdma eavidihtof less hapr280vi ng Claim 5 wherein the track
has a wwdth of |ess than 200nm 9. A magnetic logic elenent in accordance
with Cl.aim8 wherein the track has a width of |less than 100nm 10 10. A

magnetic | @gi c al PO egﬁg 1 i . i erein the
trgck Ihas :?glt hi %gﬁe S 8?5%2?1\%21;n %g%(ﬁﬂéﬂo}ﬁ%ﬁ& @fa‘ﬁﬁ%%ﬁla%]gtﬁé R%clé"’“ |
has a width of less than 100nm.

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 fornmed froma soft nagnetic nmateri al
sel ect efofhgipeper mal | oy (Ni 80Fe20) or CoFe. 20 13. f-flRgfrki-¢ | 0gic

el ement in accordance with any preceding Caim wherern 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,

wher ei n nmagnet i roperfies jn the transition.zone a dapt to provide
 or adual - o paduiBRctG et stofeih ) poRtange e ERSwold Misas toaapy
2005 WO O Q%g] : i t in
accordance%va%%lﬁ%ézggn;é ‘ggéx’/é]e elagnel}/ﬁgm]t‘t%rr%ljr?él |§%H§g%lgqgltrrlgﬂ§lf§§§€par ately or
i n- conmbi natrhagnetia matériad o thervohiuit; katsitone fin widd i theccondiie dndlin dhe t he
conduit, variatjons in width of the conduit, and in the 5 case where the
condui t Scorppss Wheredheeqnslul capprisesi disczgte magneliy ares,onEationsdpapIciRE and si ze
of the discrat net. re .16. A magnetic logic elenent in accordance
with C ai m°L S%F%?gl%é{%c&%ﬁ%rqmﬁﬁ%c%{saﬁdui t is configured such that variation
in soliton propagation energy 10 between adjacent regions of the conduit is
of the order of 5to 20%in the transition zone. 17. A magnetic logic

el ement i n l&ccoAdmagretini logic atgmant éic ectiondpnCt avith Claira| lddirnld wheretr nor e

di screte netic.regio havi n n isptropic netic .
m%lge contfmt 1sgcon%sguread suc tﬁat variation pm 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.




15 properties in the propagation plane. 18. A magnet il¢ ARYi280% nt er connect
for a magnetic logic circuit conprising at |east one nmagnetic |logic

el enent in accordance with any one of Clains 1 to 17. 20 19. A magnetic

| ogi c Q2449 @ magnetic logic circuit conprising aj-}E€RsksesPNE Magnetic

| ogic elenent 1n accordance with any one of Clains 1 to 17/. 270. A magnetic
logic circuit conprising a plurality of magnetic logic 25 interconnects in
"accordance with Claim 18 and nagnetic logic gates in accordance with Caim
19. 21. A magnetic logic circuit in &cordance with Caim20 further
.conprising neans for providing a controlled driving magnetic field. 14
April 2005 WO 02/41492 PCT/ GB01/05072 29 22. A magnetic logic device in
accordance with Claim21 wherein the caqntrol|ed driving rmagnetic field
consi sts 0f2% wo Ao fagBeisn kngig idevige ip Reperdameg WHh Glape lgwhevesii #ied sequence

as a cl ocki c%gtrf)f-le% tﬂﬂ’n?g &a&ﬁ&%“ﬂ@l& gon%{stsaé}tt{vslo%léé\énsa? ﬁel%é gi)érgﬁﬁg'; 81”'

a pre-determined sequence as a clocking field in a clockwise or anticlockwise

5  direction,






