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I nvention relates to nagnetic naterials and, in particular, to the use of
rotational ‘'symmetry to tailor the 5 magnetic properties of the materials.
The vol'wiroergaiinf or mati on whi ch can be storéd on a conpBEEGHYPI sk has
risen by a factor of 10" in the past 40 years and | ooks set to continue
rising at an exponential rate in com ng decades. Today's conventi onal

magnetic 10 materials will be unable to neet the demandi ng performance
requi rements of tonorrow s magReinSr e i ndustry. one option

currently being considered is.” a synergy of | nanot echnol ogy and quantum
mechani cs to make nanonetre scale magneticiparticles called nanomagnets.

These, by 15 vighye Qhviheionerenaresy tembhnetie, mpossdedsvengd, dinfferent

magneti c properties. fromtheir paren & naoRg@net is
anal ogous PérélﬁP%ﬁ‘F'alt'Bg%’%? USh ‘%; FP%Fg#é.a%{%t%Iﬁ%hnlg new magnetic
nateri gl s magnéeibuipropertgiesntofatdn matgraadsat om The rapidly growi ng 20

field of nanomagpeti ovj 0 t RO oe a8vopead
gﬂ%ar\g:mdflﬂgi BE OV h By RERDIn OLAEEN e on a

repl acenents fo < nmedia and a new _generation_ef, high eed, | ow
power, nonceopaterebesfpdisk basnbiferPL f%l’f&"ﬁo?lf tfpot? a‘%fe ;’%_losg:grty of
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refers to the presence of preferred J | LE hO fddfE n the
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nmagnelipC Miheerdlalleekdlds beandable techeet dgre Ademas IR RYHLTRANGHi ch it
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15 virtue of their extremely small size, possess very
different magnetic properties from their parent bulk
material. Each nanomagnet is analogous to a giant atom of
an artificial element, allowing new magnetic materials to
be built up giant atom by giant atom. The rapidly growing
20 field of nanomagnetism may provide among other things
advanced replacements for hard disk media and a new
generation of high speed, low powver, non-volatile computer
memory chips. .
The most important property of a naturally occurring
25 magnetic element or alloy is its anisotropy. This refers
to the presence of preferred magnetisation directions
within the material and is ultimately responsible for
determining the way in which a mragnetic material behaves
and the technological applications for which it 1is
30 suitable. In a conventional magnetic material anisotropy
arises from the shape and symmetry of the electronic Fermi
surface and so is intrinsic to the particular element or
alloy and cannot easily be tailored. In nanomagnets,
however, the anisotropy depends not only on the band
35 structure of the parent material, but also on the shape of
the nanomagnet. One of the most attractive features cof
artificial magnetic materials 1is that their magnetic
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According to a third aspect of the present invention,
15 a magnetic logic element comprises nanomagnets having a
rotational symmetry selected such that they are |
superparamaghetic and exhibit substantially zero hysteresis
so that a magnetisation of the nancmagnets depends only on
the current value of applied field and not on the field
20 history.

The devices of the invention:are artificial magnetic
materials formed on the surface of a substrate, such as a
piece of silicon, using a technique such as electron beam
lithography. The devices may be in the size range 40-500nm

25 and in the thickness range 3-10nm and may be, triangular, }
or pentagonal geometries which respectively correspond to
rotational symmetries of order 3 and 5. The order may,
however, be greater. The parent material may be Supermalloy
(NigFe,Mo:), which is chosen for two reasons. Firstly, this

30 alloy is intrinsically almost isotropic and so any
anisotropy in the nanomagnets must come from their shape.
Secondly, Supermalloy and its wmolybdenum-free relative
Permalloy are two of the ubiquitoué soft magnetic alloys of
industry and research and as such make an effective

35 demonstration of the new and varied properties which can be
given to a simple material by nanometric structuring. As
described below, we are able to make artificial magnetic
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20 Fi gurecf §H€y\§r¥'&§&éﬁﬁ' bF‘EFWtdf PAETHEA 6 of nanomagnet size and
symmetry; and Figuire & Skisws ahysheresiis droepmehent nghopagnets of

AR B IR  H or R RE ey sy o ool
Figure 3 shows a hystéresisrn iooggra9g¥ a
! superparamagnetic triangular nanomagnet;
Figure 4 shows experimentally measured coercvities as
a function of nanomagnet size;

15 Figure 5 shows the experimentally measured anisotropy
field inside different nanomagnets;

Figure 6 shows the dominant anisotropy term of Figure
5 expressed as an anisotropy field (A) and as an anistropy
energy per nanomagnet (B) for different nanomagnets;

20 Figure 7 shows susceptibility as a function of
nanomagnet size and symmetry; and

Figure & shows a schematic arrangement of a
superparamagnetic nanomagnet in use as a magnetic field
sensor or logic element.

25 A standard lift-off based electron beam lithography
process can be employed to form devices according to the
present invention. The sample substrate was oriented
single crystal silicon. The spacing between each nanomagnet
was always at least egual to the diameter of the

30 nanomagnet, and for the smallest structures was as large as
3 times the diameter. The surface roughness of the
nanomagnets was less than 0.5nm and the microstructure
showed 5nm randomly oriented grains. The top surface of
each nanomagnet was covered with a 5nm thick layer of gold

35 to prevent oxidation. The integrity of the geometric shape
was found to be preserved in structures as small as S0nm in
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Figures 2 and 3 show some of the hysteresis loops
measured from nanomagnets of different size, thickness and
geometric shape. One sees immediately that the loops are

20 very different from each other and from that obtained from
the conventional unstructured material. The variety of
technological applications <covered by the samples
represented in this figure is considerable. The known
small rectangles shown in Figure 2B could be suitable for

25 making an artificial replacement for hard disk media: the )
nanomagnets used here could in principle achieve data
storage densities in excess of 100 Gbits/inch?, i.e. 10
times greater than tocday's state-of-the-art conventional
media. The known larger rectangles in Figure 2D would be

30 well suited to Magnetic Random Access Memory (MRAM), an
emerging replacement for semiconductor memory: a memory
chip using magnetic elements of this size could offer 1
Gbit of non-volatile high speed memory. What is surprising
is that a wide range of magnetic properties are manifested

35 by the triangular and pentagonal nanomagnets. The
triangles in Figure 2E, which have a high remanence and a
low coercivity, could be employed as a memory element
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magneti sation direction nanomagnet. Thi s ¥
have a central w1dth of twice the Coerc1v1 ) and as such

15 is a measure of how readily an external field can reverse
the magnetisation direction of a nanomagnet. This is a key
parameter in assessing the suitability of a given magnetic
material for technological applications. Figure 4 shows
the results, where, in order to be able to compare

20 different geometries, we express the size of the
nanomagnets by the sguare root of their area. We have
confirmed the repeatability o©of certain of these
experimental results on a second set of samples.

The first apparent feature from the data of Figure 4

25 is that the 2-fold and 4~-fold symmetries display one class
of behaviour while the 3-fold and 5~feld symmetries display
another class: 2- /4= fold nanomagnets show high
coercivities which at first rise with decreasing
lengthscale; 3- /5- fold nanomagnets show low coercivities

30 which fall to zero with decreasing lengthscale. The second
ocbservation which can be made about Figure 4 is that in all
cases increasing the thickness leads to a strong rise in
coercivity, which is not the case in unstructured magnetic
films.

35 The behaviour of the 2-fold nanomagnets is very
straightforward and is due to a well understood phencmencn
called shape anisotropy. The magnetisation prefers to
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15 the plane of these higher order symmetry structures.
Nevertheless, the sguare nanomagnets clearly experience
some reasonably strong impediment to changing the direction
of the magnetisation and so there must be some anisotropy
present. The fact that this anisotropy is clearly weaker

20 in the triangular magnets shows that although it is not
classical shape anisotropy, it is still linked to the shape
cf the nanomagnet.

There is a recently discovered feature in sguare
nanomagnets called configurational anisotropy. This comes

25 about because of the very small deviations from uniform )
magnetisation which occur in nearly all nanomagnets. To
date it has not been made clear to what extent this new
anisotropy is important in defining the magnetic properties
of nanomagnets. In order to test the hypothesis that the

30 varied behaviour which one sees in Figures 2 to 4 is due to
configurational anisotropy, we have performed a direct
measurement of the anisotropy in the nanomagnets using a
technigue which we call Modulated Field Magneto-optical
Anisometry. A strong static magnetic field H (=350 Oe) is

35 applied in the plane of the nanomagnets and a weaker
oscillating field H, (14 Oe amplitude) is applied in the
plane of the nanomagnets, perpendicularly to H. The
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nanomagnet of that size where M, is the saturation
magnetisation (800 emu cm’®) and E(¢) is the average
magnetic energy density of the nanomagnet when magnetised
in the direction ¢. Although H, is not the usual
definition of anisotropy field, it can be shown that any
oscillations in H, have the same symmetry order as the
underlying anisotropy and an amplitude equal to the
magnitude of the anisotropy field. Figure 5 shows
experimental data from 22 different samples of artificial
magnetic material (8 sizes of triangles, 8 sizes of squares
and 6 sizes of pentagons), each measured in either 19 or 37
different directions ¢ (0-180° in 10° steps for triangles
and squares, 0-180° in 5° steps for pentagons) making a
total of 526 measurements.

It is immediately clear from Figure 5 that there are
strong anisotropy fields present in all of the nanomagnets
studied. The triangular nanomagnets exhibit anisotropy
with 6-fold symmetry, the sguare nanomagnets show a 4-fold
symmetric anisotropy and the pentagonal nanomagnets posses
a remarkable 10-fold anisotropy. Freguency doubling occurs
in the triangular and pentagonal structures because energy
is always gquadratic in the magnetisation and so codd
symmetry orders cannot be supported.
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An important element in our understanding of the influence

15 of symmetry order on magnetic properties is provided by the
n’ term in this eguation. It means that although all of
the geometries show approximately similar anisotropy fields
in Figure 6A, they show very different anisotropy energies
in Figure 6B.

20 The anisotropy energy is particularly interesting
because of a phenomenon called superparamagnetism, which is
the process by which anisotropy energy barriers can be
overcome by the kT thermal energy fluctuations in nanometre
scale magnets. As an approximate guide, a barrier can be )

25 overcome on the timescale of our measurements once it is
less than 10kT in height. This means that once the
anisotropy energy is less than 10kT, one would expect the
coercivity to fall rapidly to zero. According to Figure 6B
this should occur once the element size is less than

30 approximately 150nm, the sqguares being last to fall as the
size is reduced. Conversely, once the anisotropy energy is
greater than 10kT, the coercivity should approximately
follow the anisotropy field. This explains the difference
in behaviour which one observes in Figure 4 between the

35 squares on the one hand and the triangles and pentagons on
the other. The anisotropy field of the squares (Figure 63)
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High remanence materials possessing finite coercivity
(and therefore a memory function) are not the only
technologically important magnetic materials. Equally
important are the zero remanence, zero coercivity materials
which find applications in magnetic sensors and logic
elements and in this case it is the susceptibility, X,

which is the key parameter. x is defined as 4zdM/JdH

where M is the magnetisation of a nanomagnet and H is the
applied magnetic field. x is thus directly proportional to
the zero field slope of hysteres is loops such as that
shown in Figure 2F. We have measured ¥ using our
magnetooptical experiment (at a frequency of 27 Hz) as a
function of nanomagnet size and symmetry at a constant
thickness of 3.7 0.5 nm and present the results in Figure
7. x is only meaningful when the coercivity is zero and so
we have restricted ourselves to this case. For comparison,
we have also plotted in this figure the theoretical
susceptibility derived from the Langevin function. This is
a statistical thermodynamic concept which would apply to a
single giant spin in free space. Three observations can be
made from Figure 7. Firstly, the experimentally determined
susceptibilities of the smallest nanomagnets are all close
to the free space Langevin model even though no fitting
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demagnetising field, which can be very strong. The unigue
role of nanometre scale structuring is thus clearly
demonstrated.

Figure 4 and Figure 5 illustrate well the way in which
nanometric structuring really does emulate the creation of
new magnetic materials. Supermalloy grows with f.c.c.
crystallography which usually results in 2- or 4-fold
anisotropy. Nevertheless, Figure S5A exhibits 6-fold
symmetry which is usually reserved for materials with
h.c.p. crystallography. In this case the symmetry of the
nanomagnet shape (triangular) can be used to emulate a
change in crystallographic phase. Similarly, the
relatively high coercivities of sguare and rectangular
nanomagnets (Figure 4A and Figure 4C) would usually only be
found in magnetic materials with a high anisotropy and a
weakly coupled microstructure. In this case a careful
choice of nanomagnet symmetry emulates a change in element
and a change in microstructure. Finally, elementary
crystallography dictates that a crystalline lattice cannot
possess 10-fold symmetry and so we should not expect to
find a naturally occurring crystalline element or alloy
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15 In conclusion, we have determined the relevance cf the

symmetry of the shape of nanomagnets on their magnetic
properties and have applied it to practical applications.

We find that symmetry plays a vital role, allowing magnetic

properties to be controlled over a very wide range. We
20 have shown that the key effect linking symmetry to the
magnetic properties is configurational anisotropy. This

provides new artificial magnetic materials where the
magnetic properties can be tailored to a particular
application with a very high degree of precision.

25 The first new idea is the use of configurational
anisotropy via the symmetry of the element to tailor
magnetic properties. To date, pecple in the art have only
considered rectangular, sguare or circular elements. We
have determined that the configurational anisotropy induced

30 by other shapes such as triangles, pentagons and hexagons
can be used to control the magnetic properties of the
element. The second new idea is the use of
superparamagnetism in nanostructures to remove hysteresis.
In conventiocnal materials, superaparamagnetism leads to

35 very high saturation fields, and as such is no use for
magnetic sensors. We show here, however, that in
nanostructures superparamagnetism can lead to very low
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have deternined that the configurational anisotropy induced 3034y SEPhad03
shapes such as triangles, pentagons and hexagons can be used to control

t he magnetic properties of the elenent. The second new idea is the use of
super par amagneti smin nanostructures to renove hysteresis. |In conventional
mat eri al s, superaparamagnetismleads to 35 very high saturation fields, and
as such is no use for nmmagnetic sensors3zWe show here, however, that in
nanostruct ures super paranagneti smcan lead to very low 3 0 SEP 2003 WO

00/ 62311 PCT/ GB00/ 01306 12 saturationcijpmhgs (a few Ce - seeFigure 2F). By
itself this would be very suitable for a Sensor or logic elenent. Even
nore interesting, however, is the fact that superparanagneti sm guarantees

a near - zer o 1hyst & gRinforyMaiephen® cf i LS ar a d_sensor (see
Figure 3). The gr_eat eg\,épr obl g%ﬁpgséﬁgét eéidueﬁggé‘fm%?erg%?mﬂ%ﬁdmﬁ ur es
as sensors i*EeFIFY IR grder faprpvigehigh semanange med e sitatiecopnEisity MdaaieRsin 8% t he

| at er al sdi mMeRshd ha®rothtidhdl SYhhe d. 10 These two ideas can be
conbi ned by setting the con¥rr@utrrg?f%rrqgf§lgﬁ|§'sotropy to a | ow val ue by the

choice of a suitable shape.(triangular, pentagonal or circle) which then

G004 sensor Jor 1 o0y eeAt actoRRTETSHEE AR o aingbmagpstamaal V- 1
A nenory el &ERd aroihpsusaeroimsidistiglect s having a rotational symmetry

10 3. An element according to claim 1 or 2, formed from Supermalloy (Nig,Fe,Moy).

. 4, An element according to claim 1, 2 or 3 the size range 40-500nm pér side and
in the thickness range 3-10nm. '

15 5. A sensor element comprising nanomagnets having a geometric rotational
symmetry around an axis selected such that they are superparamagnetic and exhibit
substantially zero hysteresis so that a magnetisation of the nanomagnets depends
only on the current value of applied field and not on the field history.

20 8. A sensor element according to claim 5, formed from an artificial magnetic

material formed on the surface of a substrate the axis being substantially
perpendicular to the surface, -

7. A sensor element according to claim 5 or 6, formed from Supermalloy
25 (NignFe1¢M05).

8. A sensor element according to any of claims 5, 6 or 7 in the size range 40-
500nm per side and in the thickness range 3-10nm.

30 9. A sensor element according to any of claims 5 to 8, having rotational
symmetries to the order 3 or 5.

10. A magnetic logic element comprising nanomagnets having a geometric
rotational symmetry around the axis selected such that they are superparamagnetic
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