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and scientific difficulties to be overcome in this field
and so it is unlikely to replace silicon electronics
directly. Much interest has recently been focussed on
electronic quantum dots and single electron transistors as
20 candidateé_for continuing the growth of integration density
beyond that of conventional silicon devices.. A
particularly interesting configuration of quantum dots
called a quantum cellular automaton (QCA) has shown the
ability to perform logic operations. Unfortunately, these
25 devices currently only work at very low temperatures.
According to the present invention there is provided
a logic device formed from at least one chain of dots of
magnetic material, each dot having a width of 200 nm or
- ~less and being spaced at a dlstance that is sufficiently
- 30 - .small to ensure maqnetlc 1nteract10n of adjacent dots The
dots may be 100nm or less, or 80nm or less.
The dots may have a circular shape, an elliptical
shape or a combination thereof. ,
The dots may be formed from a soft magnetic material,
35 such as permalloy (Nl 80 Fe 20) or Co Fe.
The dots may be formed on a substrate formed from a
material such as silicon.
The logic device may also comprise means for providing
one or more controlled magnetic fields to the chain of
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(effective number of transistors per chip) of 400 times

over today's CMOS; 10nm dots offer a factor of 160 000.

Moreover, the fabrication of employing MQCA devices is

20 relatively straightforward when compared with today's CMOS

processes. MQCA according to the invention can therefore

radically alter the economics of IC manufacturing, allowing

smaller companies who cannot raise the capital for a CMOS

fabrication ("US$2 Billion) to enter the market. In

25 addition, being all magnetic, MQCA is well poised to

interface to the emerging technology of Magnetic Random

Access Memory (MRAM) which is set to replace all
éemiconductor computer memory in coming years.

One example of the present invention will now be

30 described with reference to the accompanying drawings, in
which;

Figure 1 is a schematic diagram of a logic device
incorporating various principals according to the present
invention;

35 Figure 2 is a schematic diagram showing a soliton
defect in a 1logic element according to the present

invention;



whi ch;

various principals according to the present invention; 3§b2%§@885
schemati ¢ di agram showi ng a soliton efect in a logic elenment according to
the present invention; W 01/31789 PCT/ GP00/ 03915 3 Figures 3 shows how

| ogi c intercong.gg LQRs 3ag§18(”g| w 1% gH&Flln@éggOEXl%c% c(rjo%%?c;%/ I_one

anot her wi t hou

Fwoungifesi s a schenatic'diagran1of a | ogi c device

verse i1nter erenc ures

di agr ans SRotWhAginveRbiPn rax smsiss @Neﬁh@nprmmer rwEhinoen adwetze
confi gur egnrLpfRi-@nicde i mpedance matching; and Figure 5 shows how si gnal

fan-out may be_achieved_ according to the invention by changing the
of &89§9Fn49he4@|épﬁ Grer geheprtic fdagrame sHeWing 10 Pri or

t hi ckness.

to descri hbwg?hhexbﬁqbeat bgnthe elé%@lftuhnb@ntﬁ.lﬁhw)di@lhw&:&f’fh e o
Nanonetre. .scal e netic .particles nangmagnet s ave recently been the
489 dmeRernre T &

subj ect of°i RFEY

0- di nensi onal

s¢BREPPFE BRG Y E81n8

are SO very re

non-ygl atile @iy cﬁé’écfﬂB’Pﬂ% the M&Weﬂéléﬁle igsefyl G%%%gﬁf t

nanonmagnets ari.ses as a conseque
Fundanent BFOV¥HgoPeReWRRERIZPHAEs t hat
magnet ost ati ¢ Nagoc@¥taad spiy umagﬁ@haal qadrtei@iwélge( -%rﬁﬂﬁ
domain formatign sh Id be e rel ssed in ver
nmagneti c 3Y?i5F8§n gaG?IHbE%E%

The

15

20

25

30

35

ce of a principle known as Brown

technological research. These art1f1c1al O0-dimensional
structures are particularly interesting because as well as
providing an excellent laboratory in which to study
fundamental problems in magnetism, they are also very
promising candidates for future technological applications

_such as ultrahigh density hard disk media and non-volatile

memory for computing. _

Much of the usefulness of nanomégnets ariées 'as a
consequence of a principle known as Brown's Fundamental
Theorem which states that, because of a cdmpetition between
magnetostatic energy and quantum mechanical exchange
energy, magnetic domain formation sho_ﬁld be entirely
suppressed in very small (~10° m) magnetic particles,
causing nanomagnets to behave as single -giant spins. The
validity of this theorem in planar circular ferromagnetic
disks has recently been demonstrated experimentally. It is
thus possible to realise experimentally an isolated planar
dipole moment of several thousand Bohr magnetons.
Preferential in-plane directions (anisotropy) can
additionally be selected by the choice of geometric shape
of the nanomagnet. The magnetic field emanating from.this
giant spin can be several tens of Oersteds ev’_ei_n at
distances as large as 100nm away. This is to be compared
with kT/m, the thermal fluctuation energy expressed as a
magnetic field, of around 1 Oe at room temperature (for say.
a 75nm diameter disk of Permalloy, 10nm thick).
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and -1 instead of
spin. The circular shape of the disks ensures that the

isolated spins experience an isotropic energy surface.
Dipolar coupling is anisotropic, however, and so two
neighbouring spins will prefer to point along the line
joining their ceﬁtres. The chains of dots shown in Figure

20 1 are thus bistable: all of the spins in a chain can point
along the chain but not transverse to the chain. The
.chain represents logic states using a variant of Boolean
algebra that works with +1 and -1 instead of 1 and 0. 1In
the case of a horizontal chain we define spins pointing to

25 the left as being in state -1 and spins pointing to the
right as being in state +1. In the case of a vertical
chain we define spins pointing down the page as being in
state -1 and spins pointing up the page as being in state
+1.

30 (ii) Soliton propagation

Suppose now that we set half of the spins in a chain
to state +1 and the other half to state -1, as shown
schematically in Figure 2. These two states meet in the
centre of the chain to form a defect. For simplicity, we

35 have drawn the defect in Figure 2 as being point-like, i.e.
the transition from state -1 to +1 occurs abruptly. The
defect will, in fact, have structure, i.e. the transition
will occur over the space of a few dots. Suppose now that
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caII the a}lton shown 1n ure positive because
the chain where it 1s annihilated. The defect is in fact
a soliton, 1.e.-lo_ca11_se_d and able to be moved by an
applied field. Solitons carry a topological charge: we
‘call the soliton shown in Figure 2 positive because it

20 moves in the direction of 'positive applied field. A
soliton mediating a transition from logic state -1 to +1 as
one moves to the right would carry a negative charge and .
would move against the direction of positive applied field
(i.e. to the left in Figure 2).

25 Signals prepagation in this MQCA scheme is thus
mediated by magnetic solitons driven by a weak oséillating
applied field. When the applied field is positive,
positive solitons move to the right and negative ones to
the left. These topologically charged solitons are thus

30 directly analogous to the electrons and holes used in
semiconductor IC's. Instead of flowing along aluminium or
copper wires under the action of an electric field,
however, they propagate through a network of coupled
magnetic guantum dots under the action of one or more

35 magnetic fields. The magnetic field or fields can be
globally applied to an entire chip and serves
simultaneously as power supply to each dot (any energy
inveolved in moving the soliton comes out of the applied
field) and as a low-skew clock. A vectorial magnetic clock
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15 " unaffected by the interaction field from the circular

nanomagnets. A soliton can therefore not annihilate at the
end of a chain carrying an elliptical cell; it can,
however, annihilate at the free end of a chain. This
asymmetry guarantees that after one applied field cycle,
20 each of the cells in the chain will be set to the logic
state of the elliptical cell and will be stable.
Elliptical cells therefore act as input pins and have their
logic state transmitted down any connecting chains.
Alternatively, the magnetic state of a dot in a chain can
25 be flipped by applying a high density pulse of spin
polarised electron current via a ferromagnet point contact.

(iv) Logic gate
Logic gates can be made by piping 3 chains of dots
together, as shown in box B of Figure 1. In this case, the
30 2 chains arriving from the left are inputs and the chain
leaving to the right is the output. The nodal dot
experiences the vector sum of the interaction fields coming
from the chains and so performs a summation function.
Boolean AND or OR functions can be achieved in this way by
35 applying a bias magnetic field. A NOT function can be
pérformed by the arrangement of dots shown in box D of
Figure 1. An important feature of the 1logic gates
described here and indeed of this entire scheme is that



nanomagn@icsey/3weol i ton can therefore not annihilate at the, ﬁ#ﬂ’ }3$9 @ chain
carrying an elliptical cell; it can, however, annihilate a QU9%e end

of a chain. This asymetry guarant ees that after one applied field cycle,
20 each of the ceIIs |n the chain will be set to the logic state of the

ell1ptl caogeel ffghads! a8 %@bkéd HEd PELCRaKeel 58 TNRNE! O Gnfql . as

i nput pins eir ic state transm tted down any connéecting
chains. 2YRehraPPYE| ?taﬁﬁemﬁEQF@?‘F"cCéﬂai:éeﬁﬁfﬁréobel Amplementesan 25 be
flipped by applying a high density pulse of spin polarised el ectron

current Vviw) ac&ﬁpneﬁaaaewopnbnt contact. (iv) Logic gate Logic gates can
be made by piping 3 chains of dots together, as shown in box B of Figure

1. In this casBhetdesign Pschet nkimiteditr thomineay ahaine snfisrs and the
chai ng| eaaigautsgeahe rirghte e %;ﬁ%bﬁﬁl?u'[apﬂ_i‘f‘ed‘ogl pngcag_c efPéiaerl“seS the

vector sumof the interaction comng from hai ns_and
per f or s %PE%hﬁﬁt Rbn4Pinkei bhe xBéBfieXndANBCSFOGQ f then ghaing Q%\l achi eved

inthis vy Ebn%ix'@@:@'e)d' A chd e NROBAHI cyfdﬂresbtfoz&@T ahunfadﬁiéz%an be

per f or med b% %e arragﬂierrent f d tsfs wn i n _box of Fltg’&e :

i mpor t ant PFERETr €28t SPRET) 48 O%%ate St Jed e hdrReaRd &J (9?" t hi s
entire scda@vrantagehabfvmmﬁdmec}?&ﬁr&) 860veReibnal IongScm gh@ts can be.
fed ck t.at refore be
i mpl gﬁent%%%%gig%oéﬁgex ér?}lej‘jf %g%séﬁ'uﬁ J'?qs%'r?' Imt eg‘q{]o q%e | i near
chai ns soc#se, Bheiseditens shouﬂaé gaggathyouebl ea¢hmeipine wifthout i s |

appl i ed indertering. x and dosldRRAQDS oft NemiShaldischaR be 16aaglruct ed
along the x and y_directions and corners turned, as shown in X 'C of

Figure 1. C@El%?‘ LREIFaPBEt SYFENPRYS PN HOR/E_EﬁlBGePnéGn\Féﬁt i onal
CMXS is thml He chaing cén & 08sngaeh pdrey &<t theFigee® Ford n this
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capital investment and cost per unit) is thus reduced
compared with CMOS. Alternatively, multiple planes of
interacting dots can be used to achieve 3-dimensional logic
hardware. The various planes can be made to be non-

20 interacting (and simply used to increase the complexity of
a single chip) by spacing the planes by a distance greater
than the dot diameter. Conversely, signals can be passed
between planes by spacing the planes by a distance smaller
than the dot diameter. Signal "vias" between planes can

25 thus easily be implemented. Increases in device complexity
can zreadily be achieved through this 3-dimensional

architecture.

(vi) Data output.

Logic signals can be converted from a magnetic form to
30 an electronic form at the final output stages of a chip
(e.g. dot “F' in Flgure 1) usung magneto- electronic effect

such as Tunnel Magneto Resistance (TMR).

{(vii) Impedance matching

High frequency electronic circuits must be impedance
35 matched at every junction to avoid reflections. An
analogous concept exists in MQCA, although not just at high
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is compensated by the anisotropy field at B. A further
interesting feature of this configuration is that it is
uni-directional. A soliton propagating from right to left
would experience an enhanced obstruction. This weakly
20 linked junction is thus a soliton diode and can be used to
control the routing of signals in a MQCA system. Coupling
strength can be changed through the dot thickness as well.
Fig. 4C shows an alternative form of a soliton diode that
uses an abrupt change in dot thickness to achieve
25 unidirectionality. The number in each dot gives the dot
thickness in nanometres.

Fan-out of a logic gate into the inputs of several
other gates is an important feature of any useful logic
system. MQCA is able to achieve fan out using the gate

30 structure of box B in Figure 1 in reverse. Small
anisotropies can be induced in the cells close to the
junction to achieve impedance matching. The diode effect
of such anisotropies prevents signals flowing back into the
output of a gate. Alternatively, fan-out can be achieved

35 by gradually changing dot thickness in the vicinity of the
chain splitting, as shown in Fig. 5. The number in each dot
gives the dot thickness on nanometres.
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5. ° A logic device according to claims 1 to 4, wherein the
dots are formed from a soft magnetic material.

20 6. A logic device according to any preceding claims,
wherein the dots are formed on a substrate formed from

silicon.

7. A logic device according to any preceding claims,
25 further comprising means for providing a controlled
magnetic field to the chain of dots.

8. A logic device according to claim 7, wherein means for
providing a magnetic field include means for controlling
30 the means such that the magnetic field can operate as a

controlling clock.

9. A logic device according to claim 8, wherein plural
chains are provided and arranged to provide OR gates, AND
35 gates, NOT gates, or a combination thereof.
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